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SUMMARY
In this thesis the detection of atherosclerotic disease of the 
extracranial carotid arteries using continuous wave ultrasound 
is studied. The pathophysiology, natural history and treatment 
of carotid artery disease and its importance as a cause of stroke 
are described. Methods of investigation other than by ultrasound 
eg arteriograms,- carotid phonoangiography, oculoplethysmography 
with their inability to identify mild degrees of stenosis and 
other drawbacks are discussed.
The carotid arteries of normal volunteers and patients with 
symptoms 'of carotid artery disease were examined with an instru­
ment which uses continuous waves of ultrasound. Real time wave­
form analysis calculated the maximum systolic frequency, the 
degree of spectral broadening at peak systole and a resistance 
parameter from the Doppler spectra. It was found that the use 
of the maximum systolic frequency, the degree of spectral broaden­
ing and ultrasonic imaging (the formation of a map of the arteries 
using waveform analysis) could only accurately identify those 
carotid arteries with a stenosis causing a reduction in the laminal 
diameter of 50% or more when the results of ultrasound were com­
pared with arteriograms or the findings at operation. Further­
more ultrasound could not accurately distinguish between arteries 
with a severe stenosis or those with an occlusion.
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Factors affecting the values of the variables computed by the 
instrument were studied and it was found that the values could 
vary quite considerably. There were errors in their measurement 
which were small (but consistent) under certain circumstances but 
which could be considerable eg if the degree of spectral broaden­
ing was measured using the bidirectional facility of the instru­
ment. Experiments found the resistance parameter to be of little 
value in the detection of carotid artery disease probably due to 
the way in which it was calculated. The level of instrument gain 
was also found to significantly affect the maximum systolic fre­
quency and the degree of spectral broadening. The origin of these 
measurement errors is discussed.
Experiments (both in a hydraulic model and in vivo) are described 
which attempted to increase the diagnostic accuracy of ultrasound 
by
(i) the calculation of the maximum velocity of flow,
(ii) the calculation of a ratio from measurements of Doppler 
shifted frequencies both proximal and distal to a stenosis, 
and
(iii) the detection of disturbances of flow.
A new method of calculating the angle of insonation between an 
ultrasound beam and a vessel is described. It involves the 
rotation of the ultrasound probe around a known angle and 2
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measurements of the maximum Doppler shifted frequencies. From 
this information the maximum velocity of flow was calculated.
It was found during these experiments that the maximum Doppler 
shifted frequency decreased when a certain critical angle of 
insonation was exceeded. A further study using a hydrophone found 
that this was due to reflection of the ultrasound beam from the 
surface of the vessel and the critical angle varied with the 
physical properties of the vessel eg it was higher in calcified 
arteries than in normal ones.
It was shown in a study using the model that a ratio of the maximum 
Doppler shifted frequency proximal to a stenosis to that distal 
to a stenosis could accurately assess the degree of stenosis even 
if the constriction was less than 50% of the diameter of the lumen. 
However when compared with arteriograms or the findings at operation 
neither the maximum velocity of flow nor the ratio described above 
could identify mild stenoses in patients ie those causing a 
reduction of luminal diameter of less than 50%. Reasons for this 
are discussed.
Studies in the model found that CW ultrasound could readily 
identify, turbulent steady flow but it was not possible to show 
that turbulent oscillatory flow could be demonstrated using 
ultrasound. From these results the relationship of the velocity 
profile to the Doppler spectrum, of spectral broadening to turbu­
17
lent flow, and the occurrence of disturbances of flow in normal 
arteries are discussed.
G E N E R A L  I N T R O D U C T I O N
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In this introduction the nature of extracranial carotid artery disease 
and its importance are described. Methods currently used in its 
detection and the aims and scope of this thesis are also introduced.
Atherosclerosis in the extracranial carotid arteries is one of the 
principle varieties of cerebrovascular disease and is important as a 
treatable cause of stroke. There are causes of carotid artery disease 
other than atherosclerosis eg trauma but atherosclerosis is by far the 
commonest. The cause of atherosclerosis is unknown but may result from 
haemodynamic stress.^2 Common complications of an atherosclerotic plaque 
in the carotid arteries are ulceration, stenosis and thrombosis. Aneurysm 
formation in this site is very rare.3
Blood reaches the brain from the aortic arch via the arterial routes 
illustrated in Figure 1. Inside the skull both vertebral arteries unite 
to form the basilar artery and an anastomotic circle (Circle of Willis) 
is formed from the latter artery and both internal carotid arteries. It 
is not uncommon for the origins*of the great vessels to be different from 
those portrayed in Figure 1.
N
Disease anywhere along these pathways may interfere with the cerebral 
circulation and one of the features of atheroma is its patchy distribution 
thus multiple sites may co-exist. In a pathological study of the verte­
bral and carotid systems in unselected patients Schwartz and Mitchell 
found severe stenoses most commonly at both carotid bifurcations and both
20
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FIGURE 1
The frequency distribution of arterial stenoses in the arteries 
leading to the brain. The figures express the percentage of 
patients with a stenosis at that site. (After Hass et al^)
CCA - common carotid artery 
ICA - internal carotid artery 
ECA - external carotid artery 
SUB - subclavian artery 
VERT - vertebral artery
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vertebral arteries.^ Severe stenoses were found at proximal sites 
in the innominate, both subclavian, both vertebral and the left 
common carotid arteries and at distal sites in both common carotid 
and the left vertebral arteries. An arteriographic study of patients 
with symptomatic cerebrovascular disease found a similar distribution 
of stenoses (see Figure 1) although in this particular study they were 
more common at the carotid bifurcation than in the vertebral arteries.5 
The commonest site for thrombosis is the internal carotid artery with 
the vertebral, common carotid and the left subclavian arteries less 
frequently affected.5
Stroke is likely to have been a cause of death since the days of the 
earliest civilisations as Soranus of Ephesus (AD 98-138) wrote about 
apoplexy followed by paralysis and Paul of Aegina, a Surgeon who prac­
tised in Alexandria in the 7th century described its treatment.^ 
However it is only comparatively recently that atherosclerosis of the 
carotid arteries in the neck has been implicated in its aetiology. 
Atherosclerosis was described during the Renaissance by 
Gabrielle Fallopio (1523-62) and Andreas Vesalius (1514-64) his 
teacher described the brain and its blood vessels accurately, although 
he overlooked the circulosus arteriosus not described until 1664 by 
Thomas Willis.7“9 The relationship between thrombosis of the intra­
cranial vessels and stroke became established in the 19th century 
but although certain authors* referred to the importance of disease 
in the arteries of the neck in the aetiology of cerebral
It is of interest that one of these authors, Sir William Gull B T ,
MD, FRCP, FRS (1816-1890) who reported the association between para­
lysis and occlusion of the innominate and left common carotid arteries 
was-accused of being the infamous Jack, the R i p p e r . G u l l ,  
Physician to Prime Ministers and Royalty himself died of a stroke.
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symptoms their views were largely disregarded.10’11 The reluctance of 
pathologists to dissect the neck at post mortem meant that the extra- 
cranial carotid arteries were largely ignored in both clinical and neuro- 
pathological studies with the result that the nature of one third of all 
strokes was unresolved.12 Thus Hicks concluded as recently as 1949 from 
the results of 155 autopsies on stroke victims whose carotid bifurcations 
were not examined "that intrinsic functional vascular disease of the 
brain (was) the major factor in the pathogenesis of infarction and 
haemorrhage because of the absence of thrombosis in the arteries of the 
brain” and 2 years later that "apoplexy (was) an ischaemic disease of 
the brain most often caused by cerebral vasospasm".l2* »15 xn the early 
1950's Fisher studied the cervical portion of the carotid arteries in 
432 consecutive routine autopsies and reported that 9.5% had occlusions 
or advanced disease of the carotid arteries in the neck.12 This 
incidence was equal to that of cerebral haemorrhage and greater than 
that of intracranial cerebral thrombosis. His experience was to reduce 
the number of strokes whose cause was unknown to less than 5%.
Cerebrovascular disease is currently the 4th leading cause of death in 
England and Wales and Table 1 gives the mortality from diseases of the 
cardiovascular system for the years 1953, 1963 and 1973, a period which 
has seen the total number of deaths from all causes increase although 
due to an increase in population the death rate has declined.1^-1®
The number of deaths from cerebrovascular disease has increased only in 
the case of women, a trend not seen in men despite an increase in deaths 
from ischaemic heart disease over the same period. In the case of
23
TABLE 1 Deaths from Cardiovascular Disease by Sex in England and
Wales-^-18
1953 1963 1973
cr> 0 d* 0 0+ + +
IHD 68251 63185 83559 71256 87158 64735
CVD 28762 39307 32264 48076 31082 49501
C Haem 12831 18274 11754 17656 6229 9151
C Emb 12916 17025 15719 23139 10203 17027
IHD = Ischaemic Heart Disease 
CVD = Cerebrovascular Disease 
C Haem = Cerebral Haemorrhage
C Emb = Cerebral Embolism and Cerebral Thrombosis
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cerebral haemorrhage the numbers of deaths have dropped for both sexes.
In Scotland the trends are similar although the death rate from cerebro­
vascular disease is higher. It was 189 per 100,000 population in 1963 
and 197 per 100,000 in 1973.‘19 ’20 There is a regional variation in the 
mortality from strokes which is strikingly correlated with that from 
ischaemic heart disease. A study conducted on behalf of the 
Royal Geographical Society found that Glasgow and Manchester were at the 
centre of 2 of the areas with the highest mortality from stroke in the 
United Kingdom.21 As a major cause of disability it represents a 
considerable burden for both the family of the victim and the health care 
resources of the nation quite apart from the effect on the patient.
The cost in the United States of America was estimated to be | 7 billion 
in 1976 and it is the third leading cause of disability in that country 
with a prevalence for acute stroke of 79^ per 100,000 population.22>23
Carotid artery disease may cause cerebral ischaemia in several ways.
Critical Stenosis: A plaque may encroach upon the lumen of a vessel to
produce a short, well localised stenosis or a longer length of irregular 
narrowing. As the cross sectional area of the lumen is reduced the mean 
velocity of flow needs to increase to maintain the same volume flow. 
Although a stenosis in its early stages will not reduce volume flow due 
to an increase in velocity, as the stenosis gets tighter a critical 
situation is reached whereby any further reduction in area causes a 
precipitous fall in both flow and pressure.
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Crawford et al showed that a 50$ reduction in the diameter of the lumen 
caused a measurable drop in blood pressure and was therefore of functional 
significance.2l* May et al showed that the critical stenosis could vary 
in different arteries and was dependant on the velocity in any particular 
artery.25 a mean blood pressure of approximately 80 mm Hg is required 
to maintain cerebral perfusion and stenoses less severe than "critical" 
may become functionally significant should hypotension o ccur.2^
In transient ischaemic attacks the symptoms are often identical in 
recurrent episodes suggesting the same area of cerebral ischaemia. If 
both intracranial and extracranial disease are present then the re­
producibility of the symptoms may be explained by some factor upsetting 
the haemodynamic balance eg hypotension through the carotid stenosis 
causing cerebral ischaemia in that site rendered most deficient in blood 
supply by the intracranial disease.
Occlusion: A thrombotic occlusion of the internal carotid artery usually
occurs from enlargement of mural thrombus or from stasis distal to a 
stenosis. This leads to a cessation of flow through that vessel but as 
the pathological process is usually slow it may be symptomless. The 
efficiency of the collateral circulation and the anatomy of the Circle 
of Willis will determine whether symptoms ensue.2?
Embolisation: A plaque may ulcerate at any stage of the disease (before
any significant stenosis is apparent). Elements from the blood may 
adhere to the ulcerated area and subsequently form emboli. Microemboli 
composed of blood platelets and fibrin may arrest in the small arteries
26
of the brain or retina causing transient ischaemic attacks or larger 
emboli of atheromatous material or laminated thrombus may occlude larger 
cerebral vessels causing infarction.28-30
"Steal*1: Cerebral ischaemia may also result from disease of the sub­
clavian artery proximal to the origin of the vertebral artery causing 
retrograde flow in the latter a r t e r y . 31>32
Atherosclerotic plaques commonly remain unchanged in size for years 
although some increase in s i z e . 33>3^ others are complicated by the 
addition of an overlying thrombosis. Not all plaques cause symptoms but 
tight stenoses and plaques complicated by local thrombosis are thought 
to place the patient at higher risk of stroke. Asymptomatic carotid 
artery disease is the expression used to describe patients who have 
atherosclerotic plaques at the carotid bifurcation but who have no 
symptoms. Little is known of the natural history of asymptomatic carotid 
artery disease, Colgan et al recently reported that of 309 patients with 
asymptomatic carotid stenoses followed up for 3 years there were no 
deaths from stroke and only 17 became symptomatic.35,36 The riSk 
associated with an asymptomatic carotid bruit ie a noise heard over the 
carotid arteries of patients who have no symptoms of cerebrovascular 
disorder is not defined particularly since some authors have found a high 
incidence of transient ischaemic attacks and stroke whilst others have 
reported them to be harmless.37>38
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Symptomatic patients fair less well and patients who have suffered a 
recent stroke have a bad prognosis with a mortality ranging from 30-60$ 
for hospitalized patients within 4 weeks of an acute stroke.39 
The mortality from recurrent stroke is 20-50$ and in addition the late 
survival is much reduced, death from some cardiovascular cause occurring 
in 75$ reflecting the widespread arteriopathy.39 The incidence of further 
non fatal strokes in untreated patients is 15$ but is much higher if the 
patient has had several previous strokes.2*0 Patients with transient 
ischaemic attacks ie a transient disorder of cerebral function lasting 
for less than 24 hours have a definite risk of impending stroke. Toole 
et al reviewed 6 series and found that in 26 patients reveiwed for an
i
average of 45 months, 24$ had recurrent transient ischaemic attacks, 26$ 
had a stroke and 21$ died.^3 This compared with his own series where 
15$ had recurrent transient ischaemic attacks, 7$ had a stroke, 20$ died 
and 45$ remained asymptomatic.23
If cerebral infarction has occurred an improvement in the circulation 
will not cause a return to normal and the treatment for a completed 
stroke is mainly rehabilitation. One of the factors highlighting the 
importance of carotid stenoses was the recognition that strokes could 
be prevented by treating carotid artery disease. The questions of which 
patients to treat and in what manner are not yet resolved. Treatment 
may be medical eg aspirin has been shown to reduce the incidence of 
transient ischaemic attacks but the beneficial effects of dipyrimadole 
or anticoagulants are much less clear.2*1 ’2*2 The first operation on the 
carotid arteries in the neck in a patient who had transient ischaemic
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attacks was carried out 30 years ago and surgery is now common.^3 
It involves either an endarterectomy of the carotid bifurcation or 
more rarely a reconstruction or extra anatomical bypass of an occluded 
carotid artery. Surgery for transient ischaemic attacks has been 
shown to reduce the incidence of both recurrent episodes and stroke 
when compared with non surgical treatment but whether survival is 
prolonged is debatable.23>44,45
As the pathophysiology of carotid stenoses is poorly understood the 
selection of other cases for surgery is unclear. Whether to operate 
and what are the risks associated with operation in patients with 
bilateral disease, asymptomatic stenoses per se or when other surgery 
is contemplated eg cardiac is not clear. The timing of surgery in 
relation to the presence of a stroke in evolution or the time which 
has elapsed after a completed stroke are also unresolved questions. 
Surgery is usually contra-indicated when occlusion is present as the 
majority of patients fail to benefit. The mortality is higher and 
poor results often obtained if more than one operative procedure is 
performed or multiple stenoses are present.^5 The risk of surgery 
is not inconsiderable although the quoted operative mortality is 1-3$ 
and a perioperative neurological deficit is said to occur in 
2.5-4.8%. 44-48
The presence of carotid artery disease may be suspected from the 
clinical findings alone eg from the history or the detection of a 
bruit over the artery. It classically results in ipsilateral transient 
ocular blindness (amaurosis fugax), a stroke, or transient ischaemic 
attacks affecting the other side of the body.
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The relationship between carotid artery disease and symptoms is 
complex and when disease is diffuse it may not be possible to deter­
mine the most important lesion. Disease may be symptomless and 
although as a group patients with severe stenoses are more likely 
to have symptoms than those with mild stenoses, in an individual 
patient it is not possible to predict the presence of a stenosis 
from the symptoms.^9,50 Again the detection of a carotid stenosis 
does not imply that any cerebral symptoms which are present result 
from the stenosis and the role of vertebrobasilar disease must also 
be considered.
The detection of a cervical bruit is common in patients over the age 
of 40, (approximately 10$ of patients) and may, but by no means 
always, indicate an underlying carotid stenosis.^9,51,52 Ttie bruit 
associated with a carotid stenosis may disappear when the stenosis 
exceeds 75$ of the cross sectional area of the lumen of the artery.
The clinical findings for carotid artery disease are not specific 
and some form of investigation is required which can be used to 
confirm or refute the diagnosis.
Visualisation of cerebral vessels by contrast radiology was introduced 
by the Portugese Egas Moniz in 1927 and percutaneous carotid angio­
graphy in 1936 by Lomom and Myerson.53,54 with the introduction of 
Seldinger's technique to perform arteriography, which he had been 
using in Sweden since 1952, arteriography flourished although it 
was accepted in the United States of America rather later than 
in E u r o p e . 55 it is generally accepted as the gold standard for the
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assessment of carotid artery disease against which new methods are 
compared. Its drawbacks are that it is invasive, expensive, it 
usually requires some form of anaesthesia with in patient hospitali­
zation and it carried a risk. The complications of the procedure 
include death due to aortic dissection, aneurysm rupture, cardiac 
complications and haemorrhage; transient or permanent neurological 
complications; those directly related to the puncture site eg 
haemorrhage, thrombosis, false aneurysm and arterio-venous fistula; 
and wire-catheter problems eg perforation, embolism and break­
age .56 ,57
Because of these problems and doubts about its accuracy other 
methods were investigated. These methods include digital intra­
venous angiography, thermograpy, oculoplethysmography (OPG), carotid 
phonoangiography (CPA) and ultrasound.58-85
OPG is a method of detecting decreased flow in the internal carotid 
artery by recording the pulse waveforms from bilateral corneal 
suction cups simultaneously. The ocular pulsations result mainly 
from ophthalmic arterial flow (from the internal carotid artery) 
and in order to compare them with external carotid pulsations the 
test usually involves the application of photoplethysmography to 
both ears.58>60
CPA involves the spectral analysis of sound recordings from the heart 
and along the course of the carotid arteries.^1 Both techniques 
are often combined to assess the degree of carotid disease however 
they are unable to grade the degree of stenosis accurately if it is
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greater than 40-50$ and have a high rate of false negative results 
(40$) for severe stenoses.50,60,62-64 using this technique one 
cannot reliably distinguish normal patients from those with mild 
disease. When compared with Doppler ultrasound, whether by a direct 
examination of the carotid bifurcation or by a peri orbital 
examination, CPA/OPG has been shown to be less accurate.^3,65 
Malone et al who reported a diagnostic accuracy of 91.6$ for OPG 
conceded that it is of minimal value in patients with symptomatic 
cerebrovascular disease.^0
Doppler-shifted ultrasound has been used to test for disease of the 
carotid arteries either by a direct technique where the carotid bifur­
cation itself is insonated or an indirect technique where a more 
distal artery is examined.
INDIRECT TECHNIQUES
Pulse Wave Transit Time (TT): This test compares the time it takes
a pulse wave to travel from the common carotid artery to the supra 
orbital artery with the time taken for a wave to travel from the 
common carotid artery to the superficial temporal artery. A stenosis 
of the internal carotid artery prolongs the TT from the common carotid 
artery to the supra orbital artery.66
Compression Tests: In these tests the direction of flow in the supra
orbital artery (usually antegrade from the internal carotid artery) 
is determined when the ipsilateral superficial temporal or internal 
carotid arteries are compressed. In the temporal artery occlusion
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test a positive result ie an abnormal response is when the flow in 
the supra orbital artery diminishes, stops or reverse during com­
pression. 6? in a positive test blood flow is retrograde from branches 
of the external carotid artery and,the test is therefore only reliable 
when there is a critical stenosis in the internal carotid artery 
reducing mean pressure.^8
A/B Ratio: The amplitudes of a primary peak A and a secondary peak
B in the systolic part of a Doppler spectrum are measured and ex­
pressed as a ratio A/B. This ratio is reduced in the presence of 
disease in the internal carotid artery.^7>68
The results of indirect tests whether used alone or in combination 
have been shown to be useful in the detection of severe stenoses.^3, 
65,67-69 They are of much less value in the detection of lesser 
grades of disease and are not conclusive in the diagnosis of occlusion 
of the internal carotid artery.70
DIRECT TECHNIQUES
There has been considerable recent interest in the spectral analysis 
of signals taken at and around the carotid bifurcation using both 
continuous wave (CW) and pulsed wave (PW) ultrasonic i n s t r u m e n t s . ^ 3 ,
65,69-83
The usefulness of several variables computed from spectrum analysed 
signals, principal component factor analysis (a mathematical technique
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whereby a waveform under investigation is reconstructed to match a 
standard image), and ultrasonic arteriography (the construction of 
an image of the arteries using ultrasound) in the diagnosis of carotid 
artery disease are undergoing assessment.^5,67,70,71,73,76,77,80,85 
Reported results of direct examinations are discussed in Chapter 1.
It is clear that there is a need for an accurate non-invasive test 
to detect carotid artery disease. Such a test should be able to 
distinguish reliably between normal and diseased carotid arteries 
and would be useful in increasing our knowledge of the natural 
history of the disease. If population subgroups which would benefit 
from treatment could be identified then the usefulness of the screen­
ing of asymptomatic patients could be established. Whether continuous 
wave ultrasound can meet these requirements is not yet known.
In this thesis the ability to detect carotid disease using continuous 
wave ultrasound has been investigated both in patients and in a 
laboratory model. In Chapter 1 the results of a direct examination 
of the carotid bifurcation using ultrasound were compared with both 
arteriograms and the findings at operation. In Chapter 2 factors 
affecting the accuracy bf waveform analysis are described. Experiments 
are described in Chapters 3 and 4 which investigated the possibility 
of increasing the diagnostic accuracy of ultrasound. The methods 
included the calculation of the maximum velocity of flow from analysis 
of Doppler-shifted frequencies and the calculation of a ratio from 
measurements of maximum Doppler-shifted frequencies both proximal 
and distal to a stenosis. The detection of disturbances of flow was
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also investigated (described in Chapter 5). The ability to detect 
disturbances of flow non-invasively would increase our knowledge of 
the aetiology of atherosclerosis and stroke as well as being a useful 
test for the presence of disease.
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C H A P T E R  1
AN EVALUATION OF 3 VARIABLES 
USED IN THE DETECTION OF 
CAROTID ARTERY DISEASE
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INTRODUCTION
This Chapter introduces how ultrasound is used to measure blood velocity 
and describes 2 experiments: the first investigates the normal ranges 
of 3 variables, the maximum systolic frequency, a resistance parameter 
and the degree of spectal broadening computed from spectral analysis of 
ultrasound waveforms obtained from over the carotid arteries of asympto­
matic volunteers; In the second, the results of a direct examination 
of the carotid bifurcation are analysed to ascertain its value in the 
detection of carotid artery disease.
THE DOPPLER EFFECT
For all kinds of waves the apparent frequency depends on the motion of 
the source and the observer and may depend on the motion of the medium. 
Christian J Doppler (1803-1853) gave his name to this phenomenon when 
he applied it (albeit incorrectly) in 1842 to explain the changing colour 
of stars.86
THE NATURE OF ULTRASOUND
Ultrasound is generated by transducers, which convert electrical energy 
into mechanical energy, and is propagated by vibration of the small 
elements of the medium through which it travels. Ultrasound is the name 
given to sound waves with frequencies beyond the range of human hearing 
ie greater than 20 KHz. In medical practice the frequencies of ultra­
sonic waves used in diagnosis range from 1-20 MHz.
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ULTRASOUND AND THE MEASUREMENT OF BLOOD VELOCITY
Satomura first measured blood velocity by the application of Doppler’s 
principle to ultrasound.®? In vascular work a common arrangement is to 
have both ultrasound emitter and receiver elements (piezo-electric 
crystals) housed together in a small cylindrical probe. This probe is 
then used to insonate any artery under investigation (see Figure 2).
The beam from the emitter is scattered by moving blood cells and its 
frequency is changed. The receiver detects the backscattered ultrasound 
which has undergone a frequency change - the Doppler-shift. This change 
in frequency is related to the velocity of the blood cells and the
velocity can be measured from the relationship
AF C
V =  ------  Equation 1.1
2F cos©*
where V is the velocity of the blood, /±F the Doppler-shifted frequency,
F the frequency of the emitted ultrasound, C the velocity of ultrasound
in tissue and O' the angle of inclination of the ultrasound beam to the 
direction of blood flow. Because blood cells travel at different 
velocities (which vary with time) a range of frequencies is received, 
known as the Doppler spectrum (see Figure 6). Attractive features of 
this method of investigation are that it can be performed non-invasively,
it is painless and free from complications.
METHODS OF SIGNAL PROCESSING
The development of direction resolving circuitry made it possible to 
differentiate between targets moving away from and towards the probe.®®
This allowed the direction of arterial flow to be recognised and also
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FIGURE 2
The insonation of an artery using a conventional CW probe. O'is 
the angle of insonation and V is the velocity of flow in the artery.
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distinguished it from venous flow. Simply listening to the audio output 
of the instrument, one of the first methods of signal interpretation, 
is still of clinical use but some method of displaying the signals is 
required for more detailed e x a m i n a t i o n . T h i s  can be done using a zero- 
crossing frequency meter which allows the mean frequency of the Doppler 
spectrum to be displayed as a single line. Errors resulting from back­
ground noise, co-existing venous flow, errors in processing signals of 
low velocity, and in distinguishing reverse flow have given this method 
a poor reputation.99>91 Spectral analysis is preferrable, this allows 
the display of all Doppler frequencies with time; some instruments also 
have the capability to display the amplitude of each frequency component. 
The sonograph. was an early method of doing this, by recording 3 seconds 
of information on a magnetic disc and post processing it. Modern 
machines are able to record and display simultaneously in real time.
CONTINUOUS AND PULSED WAVE INSTRUMENTS
Instruments emitting continuous waves of ultrasound (CW instruments) 
have 2 crystals which emit and receive ultrasound continuously and 
employ a relatively broad beam width. They are more common and less 
expensive than pulsed wave instruments but have certain drawbacks.
Among them: velocity information from the entire volume of tissue which 
is insonated is processed ie signals from more than one artery or vein 
will be processed if they are within the beam, also the angle between 
the ultrasound beam and the vessel under investigation can only be 
estimated making measurement of velocity grossly inaccurate.
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Pulsed wave instruments (PW) emit and receive short bursts of ultrasound 
alternately and have a single crystal. The sample volume (the volume 
of tissue/fluid from which information is derived) is controlled by the 
duration and beam width of the ultrasound burst and an electronic range 
gate controls the depth to which the beam penetrates. Sample volumes 
as small .as 1 mm^ can be processed.92 By combining the pulsed wave 
instrument with a conventional pulse echo ultrasound imaging system 
(eg the Duplex scanner) information from within the lumen of a particular 
artery can be o b t a i n e d . >78,82 pOSSible to use multiple range
gates to construct the velocity profile across an artery and, using the 
imaging system, to determine the angle between the ultrasound beam and 
the v e s s e l . 92,93 Measurement of the internal diameter of the vessel 
using the imaging system allows calculations of absolute volume flow to 
be made.
METHODS
THE INSTRUMENT
The ultrasonic instrument used in this study was a Vasoscan* (see 
Figure 3) a computerized vascular diagnostic and imaging system which 
uses continuous wave ultrasound. Figure 4 shows a diagram of the 
system's important features which include the map position arm (spatial 
sensing arm, see Figure 5), the bidirectional facility, the spectrum 
analyser, and the microcomputer allowing the retrieval and storage of . 
data. The machine was equipped with  ^ MHz and 8 MHz transducers. In 
addition to a visual display the operator could also monitor the signals 
using a stereo audio system and there was a colour printer for permanent 
recordings.
Spectral Analysis: The Doppler-shifted signals were processed and dis­
played in coJour as a frequency versus time spectrum. Processing includes 
digitization of samples with subsequent Fourier analysis into 128 
frequency components which are displayed as a vertical line of colour 
points. The position of a point on a line indicates its frequency and 
the colour its amplitude.
•Sonicaid Limited, Chichester, United Kingdom
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FIGURE 4 
A block diagram of Vasoscan
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The spatial sensing arm
FIGURE 5
45
The instrument automatically calculates several variables from the 
spectrum and displays them in a list on the screen. These variables 
include:
the maximum systolic frequency (max A, see Figure 6) 
the maximum end diastolic frequency (max D, see Figure 6) 
a resistance parameter (RP, calculated from equation 1.2)
max A - max D „
RP = ______________  Equation 1.2
max A
and the degree of spectral broadening (SB) determined over a 51.2 m sec 
interval at peak systole calculated from equation 1.3
F max - F mean „ , . „ „
SB = _______________  x 100# Equation 1.3
F max
where F max and F mean represent the maximum and mean frequencies at 
peak systole.
The Flow Map: The formation of an arterial image (flow map) involved
moving the transducer (held in the spatial sensing arm) over the arteries 
and coloured dots were displayed on the screen at positions where blood 
flow was detected by ultrasound. The colour of the dot depended on the 
values of max A and SB calculated from the Doppler signals at that site 
and by slow movement of the probe a 2 dimensional image was constructed 
(see Figures 6 and 7).
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FIGURE 6
A Doppler spectrum and flow map. The typical appearance of spectra 
from the common carotid artery with a normal flow map recorded using 
the unidirectional facility. The cross on the map gives the 
position of the probe relative to the arteries. The colour of each 
dot of the spectrum represents the intensity of each frequency.
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FIGURE 7
Abnormal flow maps. The upper map (a) of the right carotid arteries 
has black and yellow dots in the right internal carotid artery and 
the lower map (b) of the right carotid arteries has black dots in 
the right external carotid artery.
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Display: The display included 3 seconds duration of spectrum ana­
lysed signals, flow maps of both carotid bifurcations and a list 
of the variables quoted above.
THE METHOD OF THE EXAMINATION OF PATIENTS
Each patient lay supine on a couch in a warm room with his/her head 
beneath the spatial sensing arm with the chin elevated and turned 
slightly away from the side under investigation. After a short 
period of rest the 4 MHz transducer, held in a position lateral to 
the patient’s neck in a coronal plane, was used to insonate the 
carotid arteries (see Figure 8). When satisfactory signals were 
obtained from the arteries rotation of the probe was prevented by 
tightening a screw (which prevented the operator from changing the 
angle of insonation) and mapping was begun. During the procedure 
it was important to keep the ultrasound beam directed onto the 
artery under examination and to follow the course of the artery 
accurately. Extraneous noise could produce dots on the screen 
when the probe was not directed at an artery. The mapping colours 
were represented as follows:
Black/White : max A > 3-8 KHz and SB > 45#
Yellow : . max A > 3*8 KHz and SB < 45#
Magenta : 0.4 KHz < max A < 3 . 8  KHz and SB > 45#
Red : 0.4 KHz< max A < 3.8 KHz and SB < 45#
The position of the probe during mapping was indicated by a white cross 
(the cursor) on the flow map. This enabled the operator to identify 
the sampling site at any given moment.
4-Cl
FIGURE 8
The method of examining the carotid arteries of the right side 
of the neck.
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Examinations were performed either by myself or a technician, using an 
optimum level of instrument gain. The time necessary to examine both 
right and left carotid arteries in a patient was approximately 20-30 
minutes.
METHOD OF SELECTING SAMPLE SITES
Using the flow map and cursor we made the following definitions. When 
the cursor was measured to be beyond 1 cm of the carotid bifurcation 
then that site was classed as either proximal common carotid artery, 
distal internal carotid artery or distal external carotid artery. When 
the cursor was within 0.5-1 cm of the bifurcation then the site was 
classed as distal common carotid artery, proximal internal carotid 
artery or proximal external carotid artery. Signals were also recorded 
from as close to the bifurcation as possible, when they appeared to have 
the characteristics of spectra from the external carotid artery they 
were classified as bifurcation (BIF 1), and when the configuration of 
the spectra were typical of the internal carotid artery as bifurcation 
2 (BIF 2).
The scale of the flow map displayed on the screen was found to be 1.25 : 
1 from an experiment (see Appendix 1). The scale of the larger scale 
printed record was 1.67 : 1 and of the smaller scale printed record 
3.33 : 1.
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EXPERIMENTS
EXPERIMENT 1.1 The Normal Ranges of Max A, RP and SB in the Carotid 
Arteries of Asymptomatic Volunteers
Seventeen volunteers (mean age of 25 years) were examined using 
Vasoscan. Plow maps of both right (n = 17) and left (n = 14) carotid 
bifurcations were constructed and displays from the carotid arteries 
both proximal to and distal from the bifurcation (proximal common 
carotid artery, internal carotid artery and external carotid artery, 
distal common carotid artery, internal carotid artery and external 
carotid artery and bifurcation [BIP 1 and BIF 2]) were stored on 
computer floppy discs. Values for max A, RP and SB at each site in 
each volunteer were noted.
Means and standard deviations were calculated for all values of each 
variable at each site and then for all values in each artery. A 
threshold value equal to the mean plus 1.95 times one standard 
deviation was calculated. Assuming a Gaussian distribution then 95# 
of random observations would lie below the threshold value defined 
above.
EXPERIMENT 1.2 The Detection of Carotid Artery Disease Using Max A, 
RP and SB
In a prospective study the results of direct examinations of the 
c arotid bifurcation in patients were compared both with the grading 
of disease from arteriograms and the findings at operation.
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Methods
Study Groups: 57 patients (32 men and 25 women) with a mean age of
58 years were divided into 2 groups. Group one was comprised of all 
57 patients. Of the possible 114 sides there were 7 exclusions: 5 
because there were no angiograms (unilateral selective arteriograms) 
and 2 because of previous endarterectomies. The results of waveform 
analysis were compared with the grading of disease from arteriograms 
in 107 carotid arteries (see Figure 9).
Group 2 was comprised of 29 patients who had a surgical exploration 
of their carotid arteries. In 2 it was bilateral making a total of 
31 sides. In this group the results of ultrasound were compared 
with the findings at operation.
The order of investigations was ultrasound followed by arteriograms 
followed by surgery if indicated.
Ultrasound: Signals were stored from the same sites as Experiment 1.1
with extra recordings from the site of stenoses if necessary. A pro­
forma was completed for each side which included the displayed values 
for max A, RP and SB at each specific site and comments on the flow 
map. A flow map was judged abnormal if a cluster of white or yellow 
dots appeared in an artery or if no signals could be detected from 
an artery ie it was absent on the map. Neither a single yellow or 
white dot nor any number of magenta coloured dots were considered 
abnormal thus the degree of spectral broadening was not taken into 
account in judging a map normal or abnormal.
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FIGURE 9
The 2 study groups in Experiment 1.2
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Arteriograms: Biplanar views of the carotid arteries from the arch
of the aorta to the base of the skull and the subclavian and vertebral 
arteries were obtained using a femoral, translumbar or axillary 
approach. Five patients referred from another hospital had had 
selective carotid punctures performed. Intracranial views were not 
routinely obtained. *
The carotid arteries were graded by 2 surgeons as normal, showing 
minimal disease, a stenosis or an occlusion. Stenoses were further 
subdivided into those that were severe and those that were mild. A 
severe stenosis had a reduction in diameter of at least 50$. The 
presence of any atherosclerosis in the common carotid artery proximal 
to the bifurcation was also noted.
Surgery: At operation patients' carotid arteries were graded by one
surgeon as minimal disease eg a small ridge or ulcer, mild or severe 
stenosis, or occlusion.
Analysis of Results
The Detection of Disease: Threshold values for max A of 3.5 and
3.8 KHz, for RP of 0.75 and 0.87, and for SB of 50% and 58% and the 
finding of an abnormal flow map were all tested for accuracy in 
Groups one and 2. A combination of max A (at a threshold value of 
3.5 KHz), SB (at a threshold value of 58%) and the finding of an 
abnormal flow map was also tested along with the other variables.
In the case of max A the highest value in any artery was used but 
if this was between 3.0 and 3.4 KHz the peak systolic frequency from
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the displayed spectra was measured by the operator (True max A) as 
this latter measurement was invariably higher (see Experiment 2.3).
In the case of RP only those signals from the common carotid artery 
were used and for SB only those signals taken with the unidirectional 
facility (see Experiment 2.4) were used.
The Detection of an Occlusion: The absence of an artery on the flow 
map and the finding of flow to zero during late diastole in spectra 
from the common carotid artery or internal carotid artery were tested 
for accuracy in both groups.
Accuracy: The method of assessing the accuracy of each variable
was by using decision matrices (see Appendix 2).
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RESULTS
EXPERIMENT 1.1 The Normal Range of Max A, RP and SB in the Carotid 
Arteries of Asymptomatic Volunteers
Tables 2 and 3 give the means and standard deviations for max A,
RP and SB at each site on different sides of the neck and Tables 4
and 5 give the means, standard deviations and threshold values for 
the same variable in each artery and at the bifurcation. Figure 10 
and 11 give the mean values of max A, RP and SB at different sites
in the carotid arteries of the volunteers.
EXPERIMENT 1.2 The Detection of Carotid Artery Disease Using Max A, 
RP and SB
The Detection of Disease
Table 6 gives the numbers of patients classified into different 
grades of disease on arteriograms and at operation. Tables .7-13 
give the results of using ultrasound to test for carotid artery 
disease. Table 14 summarizes the results of comparing ultrasound 
with arteriograms.
(i) Specificity: The map had the highest specificity {92%)
compared with the other variables and threshold values of 
50/S for SB and 0.75 for RP were clearly inadequate with 
specificities of 21% and 29% respectively.
(ii) Sensitivity: When comparing ultrasound with arteriograms the
overall sensitivity of the variables ie for all grades of 
disease was low. It was only 4l#-44# for max A, 34# for R P ,
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TABLE 2 Normal Values for Max A, RP and SB at Different 
Sites in the Right Carotid Arteries
Variable Site n Mean SD
Max A (right) prox CCA 17 2.54 (KHz) 0.515 (KHz)
dist CCA 17 2.49 0.543
BIF 1 16 2.4 0.655
BIF 2 16 2.11 0.562
prox ICA 17 1.929 0.471
dist ICA 16 2.013 0.415
prox ECA 17 2.518 0.689
dist ECA 17 2.39 0.654
RP (right) prox CCA 17 0.786 0.05
dist CCA 17 0.762 0.047
BIF 1 16 0.77 0.074
BIF 2 16 0.713 0.082
prox ICA 17 0.699 0.064
dist ICA 16 0.694 0.073
prox ECA 17 0.825 0.059
dist ECA 17 0.829 0.062
SB (right) prox CCA 17 32.06 (£) 7.87 ^
dist CCA 17 27.94 6.68
BIF 1 16 40.19 6.53
BIF 2 15 43 5.54
prox ICA 17 39-71 7.12
dist ICA 16 42.75 6.56
prox ECA 17 39.71 5.43
dist ECA 17 41.65 6.43
SD - standard deviation 
Prox - proximal 
Dist - distal
CCA - common carotid artery 
BIF - bifurcation 
ICA - internal carotid artery 
ECA - external carotid artery
The same abbreviations are used in subsequent tables
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TABLE 3 Normal Values for Max A, RP and SB at Different 
Sites in the Left Carotid Arteries
Variable Site n Mean (KHz) SD (KHz)
Max A Left prox CCA 14 2.585 0.677
dist CCA 12 2.54 0.594
BIF 1 10 2.13 0.495
BIF 2 13 2.38 0.698
prox ICA 14 1.89 0.462
dist ICA 13 2.077 0.4
prox ECA 14 2.5 0.655
dist ECA 12 2.63 0.609
Variable Site n Mean SD
RP Left prox CCA 14 0.761 0.066
dist CCA 12 0.768 0.039
BIF 1 10 0.758 0.076
BIF 2 13 0.784 0.078
prox ICA 14 0.676 0.079
dist ICA 13 0.662 0.094
prox ECA 14 0.822 0.044
dist ECA 12 0.833 0.056
Variable Site n Mean (%) SD {%)
SB Left prox CCA 14 32.5 6.17
dist CCA 12 33.58 7.49
BIF 1 10 42.2 7.18
BIF 2 13 42.3 5.29
prox ICA 14 42.93 6.37
dist ICA 13 39 7.15
prox ECA 14 43 6.78
dist ECA 12 40 5.70
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TABLE 4 Threshold Values for Max A, RP and SB in the Right 
Carotid Arteries
Variable Site n Mean (KHz) SD (KHz) Threshold
Max A Right CCA 35 2.474 0.530 3.5
BIF 32 2.25 0.612 3.4
ICA 31* 1.956 0.441 2.8
ECA 37 2.476 0.695 3.8
Variable Site n Mean SD Threshold
RP Right CCA 35 0.772 0.051 0.87
BIF 32 0.747 0.08 0.90
ICA 34 0.694 0.068 0.83
ECA 37 0.826 0.059 0.94
Variable Site n Mean (%) SD (J6) Threshold
SB Right CCA 35 29.8 7.47 44 '
BIF 32 41.63 6.06 53
ICA 34 40.09 9.33 58
ECA 37 40.62 5.74 52
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TABLE 5 Threshold Values for Max A, RP and SB in the Left Carotid 
Arteries
Variable Site n Mean (KHz) SD (KHz) Threshold
Max A Left CCA 27 2.529 0.643 3.8
BIF 23 2.274 0.619 3.5
ICA 29 1.972 0.426 2.8
ECA 26 2.612 0.591 3.8
Variable Site n Mean SD Threshold
RP Left CCA 27 0.763 0.053 0.87
BIF 23 0.772 0.076 0.92
ICA 29 0.664 0.085 0.83
ECA 26 0.828 0.05 0.93
Variable Site n Mean (%) SD {%) Threshold
SB Left CCA 27 33.29 6.74 46
BIF 23 42.26 6.03 54
ICA 29 40.69 6.92 54
ECA 26 41.62 6.37 54
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FIGURE 10
Experiment 1.1 Mean values of max A, RP and SB at different sites 
in the right carotid arteries.
Black - max A 
Blue - RP 
Red - SB
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FIGURE 11
Experiment 1.1 Mean values of max A, RP and SB at different sites 
in the left carotid arteries.
Black - max A 
Blue - RP 
Red - SB
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TABLE 6 The Grading of Carotid Bifurcations Using 
Arteriograms and the Findings at Operation
Normal
Minimal Disease 
Mild Stenosis (^.50$) 
Severe Stenosis (^50%) 
Occlusion
Total
Arteriograms
48
15
19
18
7
107
Surgery
0
3
14
11
3
31
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TABLE 7 A Comparison of Max A with Arteriograms
Variable
Threshold
Max A 
(3.5 KHz)
+
Normal 9 39
Minimal Disease 4 11
Mild Stenosis 7 12
Severe Stenosis 11 7
Occlusion 4 3
Specificity 39/48
l—1
CO
Overall Sensitivity 26/59 (44$)
Sensitivity for 
Severe Stenosis 11/18 (61%)
Max A 
(3.8 KHz)
+ -
7 41
11
7 12
10 8
3 4
41/48 (&5%)
24/59 (412).
10/18 (562)
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TABLE 8 A Comparison of RP with Arteriograms
RP (CCA) RP (CCA)
Threshold 0.75 0.87
+ - + -
Normal 34 14 15 33
Minimal Disease 10 5 4 ' 11
Mild Stenosis 17 2 7 12
Severe Stenosis 13 5 6 12
Occlusion 7 0 3 4
Specificity 14/48 (29*) 33/48 (69%)
Overall Sensitivity 47/59
o00 20/59 (34*)
Sensitivity for 
Severe Stenosis 13/18 -j ro 6/18 (33%)
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TABLE 9 A Comparison of SB with Arteriograms
Variable
Threshold
Normal
Minimal Disease 
Mild Stenosis 
Severe Stenosis 
Occlusion
Specificity
Overall Sensitivity
Sensitivity for 
Severe Stenosis
SB
50%
19
4
3
7
2
5/24 (21%) 
16/26 (62%)
7/9 (78%)
SB
58%
5
2
1
4
2
19/24 (79%) 
9/26 (35%)
4/9 (44%)
19
4 
6
5 
2
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TABLE 10 A Comparison of the Flow Map and the Combination with 
Arteriograms
Threshold Flow Map Combination (Map,
Max A [3-5 KHz]
and SB [58%]
+ - + -
Normal 44 11 37
Minimal Disease 4 11 7 8
Mild Stenosis 5 14 9 10
Severe Stenosis 9 9 17 1
Occlusion 5 2 7 0
Specificity 44/48 (92%) 37/48 (77%)
Overall Sensitivity 23/59 (39%) 40/59 (68%)
Sensitivity for
Severe Stenosis 9/18 (50%) 17/18 (94%)
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TABLE 11 A Comparison of Max A and SB with the Findings at 
Operation
Variable
Threshold
Minimal Disease 
Mild Stenosis 
Severe Stenosis 
Occlusion
Overall Sensitivity
Sensitivity for 
Severe Stenoses
Max A 
3.5 KHz
1
5
7
3
16/31 (52%) 
7/12 (58%)
SB
58%
1
3
2
2
8/19 X W )  
2/7 (29?)
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TABLE 12 A Comparison of the Plow Map and the Combination with the 
Findings at Operation
Map Combination 
(Flow Map, Max A 
'[3.5 KHz ] and SB 
[58%])
+ - + -
Minimal Disease 1 2 1 2
Mild Stenosis 4 10 8 6
Severe Stenosis 6 5 9 2
Occlusion 3 0 3 0
Overall Sensitivity 14/31 (4535) 21/31 (68%)
Sensitivity for 
Severe Stenosis 6/11 (55%) 9/11 (82%)
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TABLE 14 The Accuracy of Ultrasound Compared with Arteriograms 
(Expressed as %)
A Summary of Tables 7-10
Variable RP Max A Flow Map SB Combination
Threshold O .87 3-5 KHz
Specificity 69 81 92 79 77
Overall Sensitivity 34 44 39 35 68
Sensitivity for
Severe Stenoses 33 6l 50 44 94
72
35% for SB and 39% for the map. It was higher for the 
combination (68%) but only at the expense of a reduction in 
specificity. The sensitivity of the variables increased with 
increasing severity of disease such that for severe stenoses 
the combination achieved a sensitivity of 9k%. The only 
exception to this was RP with a sensitivity for severe stenoses 
of only 33%•
Sensitivities were similar in the comparison of ultrasound 
with surgery (see Table 13).
The Detection of an Occlusion
(i) The Absence of an Artery on the Plow Map: This occurred in
4 of the 7 occlusions and 5 of the 18 severe stenoses demon­
strated on arteriograms. Two of the latter 5 were subsequently 
found to have occlusions at operation.
(ii) The Detection of Diastolic Flow to Zero: This was found in
3 of the 7 occlusions and 6 of the 18 severe stenoses demon­
strated on arteriograms (see Figure 12).
When ultrasound was compared with surgery the findings were similar 
eg in 3 of 11 severe stenoses found at operation an artery was 
absent on the map and diastolic flow to zero occurred in 4.
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FIGURE 12
Flow to zero in diastole and reversal of flow in late systole in 
the left common carotid artery in a patient with an occlusion of 
the left internal carotid artery. The signal was recorded using 
the bidirectional facility.
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DISCUSSION
Threshold values of 3.5-3.8 KHz for max A and 50% for SB have been 
used by others in the detection of carotid stenosis and the normal 
range for RP in the common carotid artery has been reported to be 
0.55-0.75.70,73,76,78,94 pourcelot stressed the importance of 
symmetry.94 jn Experiment 1.1 a threshold value for max A of between 
3.5-3.8 KHz depending on site was found and a value of 58% for SB, 
marginally higher than that quoted above. However the range of RP 
in our asymptomatic volunteers was considerably higher with a mean 
value in the common carotid artery of 0.76-0.77. A threshold of 
O .87 was found to be necessary.
Obtaining the normal distribution of these variables from an age 
group so much younger than the age of symptomatic patients might 
have been a cause of error as one of the effects of age on arteries 
is to alter their compliance and possibly the intraluminal blood 
velocities and ultrasonic waveforms.95 However as the prevalence 
of cerebrovascular disease in the community is high and may often 
be asymptomatic obtaining "normal" older patients is not straight­
forward.
The standard deviation of each variable at each site was high due 
to difficulties in ultrasound technique as well as population 
differences. Mapping difficulties included finding the exact 
location of the bifurcation which introduced an error in locating 
correctly the sites at which samples were taken and errors due to
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the simultaneous display of frequencies received from both the 
internal carotid artery and the external carotid artery in the 
region of the bifurcation. Signals that were not reproducible (ie 
when one waveform appeared different from the next) were not re­
corded. Variability was also caused by a variation in the angle 
of insonation. The operator was unable to change the angle of the 
probe during mapping therefore the angle which gave optimum signals 
in the common carotid artery could give low amplitude signals in 
the internal carotid artery.
The accuracy of arteriograms in assessing the degree of carotid 
stenosis is questionable and an error of as much as 20% for a 
stenosis of 50% has been shown.96 Arteriograms remain the gold 
standard against which other methods of assessing carotid disease 
are usually judged. The grading of disease at operation has been 
performed by others and although in this study it was done from a 
visual assessment only, it nevertheless gave a more reliable grading 
than arteriograms.97 Although this study was not primarily concerned 
with the accuracy of arteriograms 2 of the 3 patients with minimal 
disease (found at operation) had normal arteriograms, whilst 3 of 
the 25 stenoses and 2 of the 3 occlusions found at operation were 
incorrectly graded by arteriograms. However because of the similar 
sensitivities in Table 13 conclusions based on the results of com­
paring ultrasound with arteriograms would appear to be valid.
The reliability of the value for each variable computed by Vasoscan 
is investigated in Chapter 2 but it was important to take into account
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True max A for values of max A between 3.0 and 3.4 KHz. Five of the 
37 patients with stenoses demonstrated on arteriograms would have 
been incorrectly classified had the displayed value of max A alone 
been used.
Signals such as those in Figure 13 which exhibit high values of max 
A and SB were found in the arteries of several of the patients. 
Experiment 1.2 was an attempt to quantify how often they occurred 
and therefore how reliable their use is in the detection of disease.
In Experiment 1.2 it was found that a combination of max A, SB and 
the flow map could detect severe stenoses with a sensitivity of 94$.
It was of interest that the sensitivities of these variables 
individually were only 6l$, 44$ and 50$ respectively but when com­
bined so much higher. This was because in 4 of 7 carotid arteries 
with severe stenoses where max A did not exceed 3*5 KHz the flow map 
was abnormal due to the absence of an artery ie it suggested an 
occlusion.
The interpretation of some published reports is complicated by the 
use of different terms to express their results eg accuracy, positive 
predictive value, sensitivity and specificity and furthermore normal 
patients are often included in the same group as those with slight 
stenoses.®1 Reports of the sensitivity of the method in the detection 
of severe (ie > 50$i) stenoses range from the mediocre (63%) to 
excellent (9 6 $ ) . , 6 5  ,69,72-74 ,98 Por stenoses (ie :'<50$)
sensitivities of less than 50$ to 75$ have been r e p o r t e d . ® ® ,72,74
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FIGURE 13
Doppler spectra recorded from carotid stenoses with high values 
of max A and SB.
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In this study the sensitivity for the detection of grades of disease 
less than severe stenoses did not reach 50a for any variable and 
reported sensitivities of 80$ for the detection of stenoses y 10$;
91$ for stenoses > 25$ and 94$ for stenoses > 35$ are all much higher 
than we found for similar grades of stenosis in this study.73>75,76 
We have not been able to emulate Rutherford et al who claimed to be 
able to separate between normal, stenosed and occluded carotid 
arteries in 100$ of cases using waveform analysis.71
The problem of not knowing the angle between the ultrasound beam and 
the artery is solved by the use of a Duplex scanner. PW instruments 
are reported to be more accurate in the diagnosis of grades of 
disease less than severe stenoses and may even detect early athero­
sclerotic p l a q u e s ,84,99 However there are some recent reports that 
CW examinations are as good or better than PW examinations in the 
detection of severe s t e n o s e s ^
Flow to zero in diastole has been reported to occur in patients with 
an occlusion or a stenosis of greater than 90$ in the internal 
carotid artery.79 ^as also been reported in patients with aortic
valve disease.1®0 In Experiment 1.2 neither flow to zero in diastole 
nor the absence of an artery on the flow map were found to be 
specific to.occlusion of the internal carotid artery. Although all 
occlusions gave abnormal results and none were categorised as normal 
it was not possible to reliably distinguish between severe stenoses 
and occlusions in that experiment. Ultrasound is therefore not 100$ 
reliable in the detection of occlusions, a finding in agreement with 
others.^5
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C H A P T E R  2
FACTORS AFFECTING 
THE ACCURACY OF WAVEFORM ANALYSIS 
IN THE CAROTID ARTERIES
INTRODUCTION
In Experiment 1.2 the effect of disease on the value of several 
variables was studied but there appeared to be other factors which 
affected values of these variables. There appeared to be errors 
in the values computed from the Doppler spectra from the carotid 
arteries studied in Experiments 1.1 and 1.2 arid furthermore these 
values seemed to vary considerably despite the sample volume being 
kept constant. It seemed likely that these errors were inherent 
in the apparatus, were because of variations in technique or were 
dependent upon the method of analysis.
In Experiment 2.1 the variability of max A, RP and SB at a constant 
site was studied and the effect of different levels of instrument 
gain on the values of the same variables was studied in 
Experiment 2.2. Measurement errors in both max A and max D were 
studied in Experiment 2.3 and a measurement error in the degree 
of spectral broadening due to scanning technique in Experiment 2.4.
METHODS
The carotid arteries were examined with Vasoscan using the same 
techniques described in Chapter 1.
THE AUTOMATIC GAIN CONTROL (AGC)
The AGC is a facility designed to keep the signal at a constant
. (.
level of gain (which is adjustable). When tracking an artery 
during mapping it is easy for the probe to drift sideways thus 
decreasing the signal to noise ratio. The use of the AGC is an 
attempt by the instrument makers to correct this.
THE DIRECTIONAL FACILITY
Vasoscan gives a choice between a unidirectional display and a 
bidirectional display. With the unidirectional mode only those 
velocities moving in a single direction relative to the probe can 
be displayed (see Figure 6) but the use of the bidirectional 
facility allows the simultaneous display of velocities moving both 
away from and towards the probe. This is useful for example in 
demonstrating reverse flow (see Figure 12).
THE FREQUENCY CURSOR
This is a feature of the instrument which allows the operator to 
measure the frequency at any particular point on the Doppler 
spectra displayed on the screen. This was used to measure:
(i) The average maximum frequency at peak systole (True max A, 
see Figure 14)
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(ii) The average maximum end diastolic frequency (True max D, 
see Figure 14).
83
GRIM 35 DOPPLER MAP LfiT
tru e  R MflXfl
MflXD
RP
SB
TIME S
(b>
5
KHi
0.5kH2
GAIN 35 v/ H MHz DOPPLER MRP LflT
MflXfl 2.8 KHz
MflXD 0.5 KHz u
RP 0.79 PI 2.3 V
SB 29 X
1
11/05/84 12:03 pm H R H L
X30
Y3g
B3;8
■0,4
FIGURE 14
True max A and True max D. The operator can use a frequency cursor 
to determine any desired frequency. In the upper figure (a) the 
cursor demonstrates the displayed value of max A eg 1.7 KHz. In 
the lower figure (b) it demonstrates the display value of max D 
eg 0.5 KHz. The true values of these variables is clearly higher.
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EXPERIMENTS
EXPERIMENT 2.1 The Variability of Max A, RP and SB at a Constant 
Site
Methods
Recordings were taken from several sites in the carotid arteries of 
8 patients with symptoms of carotid artery disease during the course 
of an examination using Vasoscan. From any one site 5 to 7 consecu­
tive values of max A, RP and SB displayed on the screen were recorded. 
The positions of the probe and patient were kept absolutely still 
between recordings. Two sweeps on the screen (6 seconds duration 
of signals) were allowed to pass between each recording. The
position of the probe relative to the carotid arteries was given by
x, y co-ordinates displayed adjacent to the flow map on the screen 
and these were checked to ensure they did not change. Five different 
sites were used (proximal and distal common carotid artery, proximal 
and distal internal carotid artery and external carotid artery) with 
a total of 31 recordings each comprised of 5 to 7 values of each 
variable.
Analysis of Results
(i) For each variable a series of consecutive values were obtained
(ie 5 to 7 values recorded from one site). Then the mean, 
its standard deviation (SD) and the coefficient of variation 
(CV) were calculated. The coefficient of variation was 
calculated from Equation 2.1.
SD
CV =  ---- x 100$ Equation 2.1
mean
(ii) The overall variability of each variable was then assessed 
from the mean of all the coefficients of variation calculated 
in analysis (i).
(iii) The variability of each variable in each of the common, 
internal and external carotid arteries was assessed from the 
mean of all the coefficients of variation calculated at any 
site in that artery.
EXPERIMENT 2.2 The Effect of Instrument Gain on Max A, RP and SB 
Methods
Thirty two pairs of signals were recorded from the carotid arteries 
of 5 patients using Vasoscan. The level of instrument gain was 
varied and was set at either 35, 60 or 80. Each pair of signals was 
recorded from the same site with a different level of gain for each 
signal. The position of the probe and the patient were kept constant 
as described in Experiment 2.1. From each signal displayed values 
of max A, RP and SB were noted and True max A was measured.
A comparison was made of the values of each variable at different 
levels of gain setting.
Analysis of Results
(i) Differences between the means of paired values of each vari­
able at different levels of gain setting were calculated.
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(ii) The significance of analysis (i) was tested using Student's 
t test on paired values.
EXPERIMENT 2.3 A Measurement Error in Both Max A and Max D 
Methods
Certain signals from Experiment 1.1 and 1.2 were selected and they 
were divided into 2 groups. Group one was comprised of signals from 
both the right and left carotid arteries of 10 asymptomatic volunteers 
in Experiment 1.1. Group 2 was comprised of the first 25 signals 
from patients in Experiment 1.2 where max A was greater than 3-5 KHz 
(as max A was rarely greater than 3.5 KHz in Experiment 1.1).
Displayed values of max A and max D were noted and True max A and 
True max D were measured on every signal. This resulted in 2 sets 
of paired values for each signal ie True max A and max A, and True 
max D and max D which were compared.
Analysis of Results
(i) Differences between the means of paired values of each vari­
able in each artery were calculated in Group one.
(ii) Differences between the means of paired values of each vari­
able were calculated in Group 2.
(iii) The significance of both anaylses (i) and (ii) was tested 
using Student's t test on paired values.
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EXPERIMENT 2.4 An Error in the Degree of Spectral Broadening due 
to Scanning Technique
Methods
Sixty signals were recorded from the internal carotid artery or 
common carotid artery of 13 patients with symptoms of carotid artery 
disease. The signals were paired and each pair was taken from the 
same site as described in Experiment 2.1 (see Figure 15). The first 
signal of each pair was taken using the unidirectional mode (Group 
one) and the second using the bidirectional mode (Group 2). Values 
of max A and SB were obtained for each signal and compared. The 
intention of also using values of max A had been to give another 
check that the sample sites had been kept constant.
Analysis of Results
(i) Difference between the means of paired values of both max A 
and SB were calculated in both Groups.
(ii) The significance of analysis (i) was tested using Student's 
t test on paired values.
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PAIRED SIGNALS
Amax + SB UNI
Amax + SB
FIGURE 15
The 2 groups of signals used in Experiment 2.4
UNI - unidirectional facility 
BI - bidirectional facility
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RESULTS
EXPERIMENT 2.1 The Variability of Max A, RP and SB at a Constant 
Site
The results of analysis (i) are given in Tables 15-17 and of 
analyses (ii) and (iii) in Table 18. Whilst the coefficient of
variation of each group of values was often high ie greater than 10#
the overall mean coefficient of variation was 8# for max A and 6# 
for RP. For SB variability was greater with a mean coefficient 
of variation in each artery greater than or equal to 10#. 48# of
the recordings had a mean coefficient of variation for SB greater 
than 10#.
EXPERIMENT 2.2 The Effect of Instrument Gain on Max A, RP and SB
The results of analysis (i) and (ii) are given in Table 19 which 
shows that there was a significant difference between values of 
both max A and SB at different levels of gain but not for RP or 
True max A. Thus the displayed values of both max A and SB 
increased significantly with an increase in gain. Table 20 
emphasises the degree of difference. The figures in Table 20 are 
derived by subtracting the value of the variable in the first 
level of gain fron the second eg G35 cf GgQ = G50 - G35.
The figures in the last column (4) were obtained by adding those
in column one and 2 and gives another assessment of G35 cf Ggo*
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TABLE 15 The Variability of Max A at a Constant Site
Patient Site n Range (KHz) Mean (KHz) SD (KHz) CV
Code
1 prox CCA 7 1.1-1.2 1.129 0.049 4
dist CCA 5 1.3-1.6 1.42 0.110 8
ECA 3 1.3-1.7 1.467 0.208 14
prox ICA 6 1.4-1.8 1.617 0.172 11
dist ICA 5 1.6-2.0 1.84 0.152 8
2 prox CCA 7 2.0-2.5 2.186 0.157 7
dist CCA 6 1.8-2.4 2.233 0.225 10
prox ICA 6 1.7-1.9 1.833 0.082 4
dist ICA 5 1.8-1.9 1.84 0.055 3
ECA '6 1.2-2.1 1.783 0.319 18
3 prox CCA 6 1.0-1.4 1.267 0.137 11
ECA 6 1.4-1.7 1.517 0.117 8
prox ICA 7 1.9-2.3 2.171 0.150 7
dist ICA 6 2.3-3.6 3.095 0.515 17
4 dist CCA 6 1.1-1.3 1.217 0.075 6
ECA 6 1.9-2.1 2.05 0.084 4
prox ICA 6 1.5-1.8 1.683 0.098 6
dist ICA 6 1.9-2.0 2.0 0.089 4
5 prox CCA 6 1.3-1.6 1.467 0.121 8
dist ICA 6 2.3-2.5 2.467 0.082 3
ECA 6 1.8-2.1 2.017 0.117 6
6 dist CCA 6 2.0-2.2 2.05 0.084 4
prox ICA 6 2.5-2.8 2.65 0.105 4
ECA 6 2.0-2.1 2.05 0.055 3
prox CCA 6 1.5-1.8 1.667 0.103 6
prox ICA 6 2.6-2.8 2.65 0.084 3
ECA 6 1.4-1.7 1.567 0.137 9
7 dist CCA 5 1.3-2.0 1.52 0.319 21
8 prox CCA 6 1.6-1.8 1.65 0.084 5
prox ICA 6 1.9-2.2 2.083 0.117 6
ECA 6 1.8-2.5 2.05 0.251 12
SD - standard deviation
CV - coefficient of variation
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TABLE 18 Mean Coefficients of Variation for Max A, RP 
and SB in the Carotid Arteries 
(Figures are in Percentages)
Artery Max A RP SB
CCA 8 6 12
ICA 6 8 13
ECA 9 4 ■ 10
Overall mean 8 6 12
96
TABLE 19 The Effect of Instrument Gain on Waveform Analysis
Variable n Mean Value of 
variable at 
Level of Gain
35 60
Difference P
Max A (KHz) 16 2.075 2.387 0.3125 0.0024*
RP ■1.6 0.745 0.741 0.004 0.83
SB (%) 16 46.5 51.2 4.7 0 .018*
True Max A (KHz) 16 2.437 2.6 1.662 0.114
35 80
Max A (KHz) 9 2.2 2.88 0.68 0.003*
RP 9 0.736 0.748 0.012 0.32
SB (%) 9 38.1 54 .6 16.5 0.001*
True Max A (KHz) 9 2.61 2.77 0.167 0.108
60 80
Max A (KHz) 7 2 .28 2.6 0.33 0.008*
RP 7 0.737 . 0.752 0.02 0.23
SB (%) 7 46.1 56.5 10.4 0.0075*
True Max A (KHz) 7 2.53 . 2.61 0.085 0.27
* Significant difference for p^0.05
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TABLE 20 The Effect of Instrument Gain on Max A and SB
Variable 1 2 3 4
G35 cf G 60 G60 cf G80 G35 cf G80 (1 + 2)
Max A (KHz) 0.3125 O .325 0.67 0.64
SB (%) 4.68 10.47 16.56 15-15
The figures represent the difference between the mean values 
of the variables at 2 levels of gain eg G35 cf G60 is equivalent to 
the mean value at a gain setting of 35 subtracted from that at 
the level of 60.
The figures in column 4 are obtained by adding the figures in the 
first 2 columns and are another estimate of G35 cf G80.
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EXPERIMENT 2.3 A Measurement Error in Both Max A and Max D
Tables 21 and 22 give the results of analyses (i) and (iii) for 
Group one and Table 23 the results of analyses (ii) and (iii) for 
Group 2. The values of True max A and True max D were always 
higher than their displayed values and Figure 14 shows examples. 
In Group one (ie signals where max A <3.5 KHz) there was a small 
but significant average difference of 0.2 KHz between values of 
True max A and max A and 0.3 KHz between values of True max D and 
max D.
The difference increased with increasing maximum frequency such 
that in Group 2 (ie signals where max A exceeded 3.5 KHz) the 
average difference was 0.49 and 0.4 KHz respectively.
EXPERIMENT 2.4 An Error in the Degree of Spectral Broadening due
to Scanning Technique
Table 24 gives the results of analyses (i) and (ii). There were 
significant differences between the means of the Groups for both 
max A and SB. In the case of max A the difference was small but 
in the case of SB it was considerably higher.
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DISCUSSION
When assessing the reliability of a single displayed value of max A,
RP or SB in the detection of carotid artery disease their vari­
ability and errors in their measurement need to be appraised.
A consideration of the errors involved in Experiments 1.1 and 1.2 
needs to take into account the normal variation that occurs in 
arterial velocities at different arterial sites and in different 
patients. Physiological stimuli such as emotion or altering the 
percentage of inspired carbon dioxide affect blood flow and 
arterial velocity and there is a normal beat to beat variation in 
Doppler ultrasound signals.101’102
In Experiment 2.1 the variation in max A and SB was slightly higher 
than anticipated but to what extent this influenced the results 
of the clinical trial ie Experiment 1.2 is difficult to judge. 
Certainly it is important for the operator when performing a carotid 
examination to watch the values for max A and SB on the display 
in order that when the "freeze display" facility is used repre­
sentative values of these variables are stored and not unduly low 
or high ones.
In Experiment 2.3 the difference between values of True max A and 
max A was virtually constant for values of max A less than 3.5 KHz 
at approximately 0.2 KHz. Similarly in the case of True max D and 
max D there was a constant difference although it was slightly higher.
10k
The spectra were examined and the upper limits of the maximum 
frequency envelope were always of low amplitude, colour coded blue 
by the instrument. There were 2 possible reasons for the low values 
of max A and max D. This first was that the instrument was ignoring 
the low intensity frequencies in its calculations, the second : if 
a gap occurred in any displayed vertical line of points then any 
frequencies above the gap were ignored. Both would be valuable in 
excluding extraneous ’noise* from its calculations. In addition in 
the case of max D its value was equal to the maximum frequency when 
a pronounced ’dip' occurred at the end of diastole (see Figure 16). 
Such ’dips' are not uncommon and increasing the time averaging inter­
val over which max D was calculated would have eliminated this 
problem.
In Experiment 2.2 a value of max A taken using a level of gain of 
35 would have been increased on average by 15% had the level of gain 
been 60 and on average by 30# had the level been 80. The finding 
that values of max A tended to agree more closely with those of True 
max A with increasing level of gain supported the theory that the 
instrument was ignoring low Intensity frequencies.
An unexpected finding was that the use of the bidirectional mode 
caused a small 8#) but significant decrease in values of max A 
compared with the use of the unidirectional mode.
If the errors in max A and max D noted above are taken into account 
then the value for RP calculated by the instrument will be higher
(OS
6RIN 35
O.HkH
nnXH
Mh;;D
TI ME S
H mz  
*
KHz
KHz
PI
11/05/34 3:23 y
DOPPLER MAP LfiT
X41
jt A V23
f A *33r *0,4
R H L
FIGURE 16
A time averaging error in calculating max D. This illustrates 
how the time averaging interval for calculating max D was too 
short. The value of max D was that of the pronounced 'dip' at 
the end of diastole.
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than its true value. This can be deduced as follows
If RP
max A - max D 
max A
Equation 2.1
__ _ max D
then RP = 1 - ----- Equation 2.2
max A
and True RP = 1
True max D 
True max--A
Equation 2.3
It was found in Experiment 2.3 that the difference between paired 
values of True max D and max D was proportionally greater than the 
difference between True max A and max A in any one signal. Therefore 
in any signal the ratio max D/max A in Equation 2.2 will be less 
than the ratio True max D/True max A in Equation 2.3 making RP 
greater than True RP. This may account for the high values of RP 
found in the common carotid artery in Experiment 1.1.
There were 2 sources of error in the quantification of spectral 
broadening (SB) found from the experiments in this Chapter.
(i) The degree of SB increased as the level of gain increased.
A reason for this might be that increasing the gain increases 
the intensities of the frequencies on both sides of the mean 
frequency at peak systole keeping it constant (see Figure 17) 
However as F max (max A) increases the ratio F mean/F max in 
Equation 1.3 diminishes thus increasing the percentage of SB.
(ii) In Experiment 2.4 the signals obtained using the bidirectional 
mode were examined. It was found that in 26/30 spectra 
appeared below the baseline either due to a mirror image of
107
55 = Fmcot.- * |0O%
‘fmeot-
FIGURE 17
The effect of instrument gain on SB. G refers to the gain setting. 
Increasing the gain setting increases F max although F mean remains 
constant.
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the arterial spectrum which may be caused by arterial wall 
calcification, or the presence of venous flow (see Figure 
18).103>104 jn the signals where no spectra appeared 
below the baseline there was no difference between the 
paired values of SB, (a mean difference of only 3.5%).
It was in the 26 where spectra appeared below the baseline 
that the large discrepancies occurred, some values being 
doubled those obtained with the unidirectional mode when 
the bidirectional mode was used. The reason why values of 
SB were high using the bidirectional mode was because the 
instrument was taking into account the spectra below the 
baseline. This lowers the mean frequency at peak systole 
thereby increasing the value of SB (from Equation 1.3).
If a threshold value of 58% for SB had been used to detect 
carotid artery disease then half the signals would have 
been given false positive answers with the bidirectional 
mode.
The spectrum may also be broadened artificially when using 
CW ultrasound because of its wide beam which detects low 
velocities near the arterial wall.^9 This may occur with 
the instrument in either mode.
The colours used to construct the flow map depend on the values 
of both max A and SB therefore any of the errors noted above will 
affect its construction and interpretation.
tC>c\
(a)
K'Hi
TIME
6ftIN 35 4 MHz DOPPLER MAP LftT
■H +
MfiXfi 1.5 KHz
MfiXD 0.0 KHz
RP 1.00 PI 15.0
SB 81 X
15/01/83 9:56 am 4 R H L
% 6ft IM 35 DOPPLER MRP LflT
MflXfl
MfiXD
RP
TIME
FIGURE 13
Errors in SB due to the display of the spectra below the baseline 
when using the bidirectional mode. The upper figure (a) has 
jugular venous signals and the lower figure (b) "mirror images" 
of the arterial flow.
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In clinical practice it is essential that these errors are 
appreciated when considering values close to the threshold levels, 
particularly when the instrument is used in the bidirectional 
mode. Every effort should be made to maintain an optimum level 
of gain setting when insonating the different carotid arteries.
Ill
C H A P T E R  3
MAXIMUM VELOCITY MEASUREMENTS 
USING CW ULTRASOUND
112
INTRODUCTION
The Doppler formula (Equation 1.1) describes the relationships 
between the velocity of flow in the vessel under insonation and 
the observed Doppler shifted frequency te*F). The frequency of the 
backscattered ultrasound depends on the frequency of the incident 
beam (F), the speed of sound in the medium (C), (both of which 
are usually known), and the cosine of the angle between the beam 
and the vessel (O'). This angle is unknown when using systems 
other than those which incorporate pulsed wave ultrasound.
The normal range of max A in Experiment 1.1 took into account the
variation in therefore a sufficiently high value .of max A could%
with some certainty be attributed to the presence of disease. 
However as underestimation of max A in certain patients in 
Experiment 1.2 could have occurred .because of high values of 6^. 
This would result in an under diagnosis of carotid disease, as was 
the case in Experiment 1.2.
To allow more reliable comparisons between patients a method was 
devised to measure &  which enabled velocities to be calculated.
The accuracy of this method of measuring was investigated in 
Experiment 3.4* The accuracy of maximum velocity (V max) cal­
culations, using this method, in the detection of carotid disease 
was tested in Experiment 3*5 by comparison with arteriograms.
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As the method was derived from the Doppler formula the relationship 
between maximum frequency (z*.F max) and O' was investigated in 
Experiments 3.1 and 3.3. An unexpected result from Experiment 3-l» 
a fall in £*F max at low values of was studied in another experiment 
(Experiment 3.2). A laboratory model was used in Experiment 3.1 
and 3.2 which was a convenient way of allowing multiple ultrasonic 
measurements to be taken from the same site at known angles of 
incidence. The velocity of flow can be kept constant in a model 
and with C and F also constant Equation 1.1 can be rearranged to 
give
£kF = K cos O'
If A.F max is proportional to the maximum velocity then
A F  max/cosO" = K Equation 3*1
There should therefore be a linear relationship between values of 
AkF max and cos ©'for values of ©"between 0° and 90°.
V -
THEORY OF CALCULATING ©"AND V MAX
If aJ'tj and &.Fx- represent the maximum frequencies of ultrasound 
spectra recorded from the same site at angles ©-and fr+cJ respectively 
(see Figure 19) then at position at .. '
V max = (&,Eae. C)/ 2 F cos (co + &■)
and at position ^
i
V max = (^ .F^ l C)/(2 F cos©*)
114
X
FIGURE 19
The method of calculating the angle of insonation and the maximum 
velocity of flow. ^Fy is the maximum Doppler shifted frequency 
with the probe making an angle O'with the artery. ^ F x  is the 
maximum Doppler shifted frequency when the probe is rotated through 
angles. V is the velocity of flow in the artery.
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If the signals are taken from the same site and V remains constant 
then
A P * /c o s  ( c d +O' )  = iikFy/cos O'
;===:r/>A  F a c / k = cos + O ')/co s  
Let R = A.F-=c/^ PTj
Then R = (cos (o cos O' - sin co sin£)/cos fr 
= = > c o s  co - R = (sin w  sinO)/cos O'
sin O'/cosO' = ( cos <o - R) /sin CO
tan O  = ( cos co - R)/sin cO Equation 3.2
Thus O' can be calculated from a ratio of 2 measurements of max 
and a value of co determined by the operator.
In terms of vectors from Figure 19 V max can be expressed as
V max = K\j/cos O' Equation 3.3
Where -xj is and K is a constant
V max may be calculated independently of O'from Equations 3-2 and 
3*3 as follows
Let & Foe .= "=c and <a.F^  =
Then tan0-= ^cos«o - (ae/*j /sin OJ 
 } cos O' = 1/^[1 + £ cos *> - ' (acAj 2 ]/sin(^*
from a right angled triangle of sides one and ^ c o s W  - (^/^)^-/sin (O 
and hypotenuse ^l2 + [^cos Co - (ac/*\j)*^ 2] / s i n ^  V
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cos O' = l/[£sin2co + cos2 CO - 2 (ac-Aj) cos <0 + (sc2/-^ 2 )J/sin23ez]t
-) cos O' = sin6>/ ^ sin2 CO + cos2 W  - 2(x/Hj) cos c*3 + (:x?/aj2 )^*
-) cos O' = sinto/ ^1 - 2fee.A}) costo + &C2A)2 )J’
-) cos ^  ^  sin co cos co * * Equation 3.4
Substituting Equation 3-4 into 3-3 gives
V max = K(ac2 2 ~ 2zktu cos(o )VsinCO Equation 3*5
Finally to know V max we must calculate K 
K = C/2F
Where F is equal to 4 x 1C)3 KHz and C is the speed of sound in 
tissue equal to 1.54 x 1C)5 cm/sec.-*-°5 .
= (1.54 x 105)/(2 x 4 x 103)
^  K = 0.193 x 102 
-) K % 20
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METHODS
THE MODEL
The model (see Figure 20) consisted of the following apparatus 
although not all of it was used in each experiment.
(i) The Medium and Ultrasound Scatterer
Water was used as the medium with one of 3 additives to 
scatter the ultrasound:-
a) Bubbles of air (injected proximal to the test section
through a No 25 gauge needle using a constant infusion
pump)
b) An emulsion of milk in water (380 ml/1)
c) An emulsion of silicone liquid in water (0.5% silicone
fluid MS 200/3 cs, Hopkin and Williams Ltd, Essex, 
England)
(ii) A Constant Head Tank (See Figure ^6)
Steady flow was produced by gravity from-the tank which 
was kept full by the roller pump. A constant overflow 
maintained a constant head of pressure. The rate of flow 
was controlled by an adjustable screw clamp at the distal 
end of the tubing.
(iii) A Reciprocating Piston and Scotch Yoke Assembly 
(See Figure 46)
Sinusoidal waves were superimposed on the steady flow by a 
piston which moved in simple harmonic motion through a
118
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FIGURE 20
A diagram of the model used in Chapter 3
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(iv)
(v)
(vi)
Scotch Yoke assembly. The amplitude of the oscillation 
could be varied by altering the length of stroke of the 
piston by adjusting the position of the spindle on the fly 
wheel of the Scotch Yoke. The frequency of oscillation 
could be varied from 8-240 cycles per minute.
The Tubing
A circuit of polyethylene tubing was used of internal 
diameter 0.6 cm and one of 2 different layouts were used 
for the test section
a) The tubing was supported on a foam rubber block and a 
generous quantity of aqueous jelly (Aquasonic) used 
as an accoustic coupler between the tubing and the 
ultrasound probe (see Figure 21)
b) The tubing was led through side holes in a water tank 
(see Figure 46)
The tubing on both sides of the test section was supported 
on foam rubber blocks.
A Reservoir
Fluid was collected in a reservoir from the end of the 
tubing and recirculated by the roller pump.
The Roller Pump (See Figure 47)
A roller pump (H-R Flow Inducer, Watson-Marlow Ltd) was 
used to return the fluid to the constant head tank.
FIGURE 21
The test section : method (a). Aqueous jelly was used between 
the ultrasound probe and tubing.
(vii) The Ultrasonic Instruments
4 MHz probes of either a Vasoscan or a Sonicaid BV 380 
blood velocimeter were used. Spectral analysis of the 
signals obtained using the latter instrument was performed 
by a Spectrascribe MK II Real Time Frequency Spectrum 
Analyser. The ultrasound probe was held in a clamp which 
allowed the angle of incidence to be varied. Angles were 
measured using a protractor.
(viii) A Hydrophone (See Figure 22)
A hydrophone was used to detect ultrasound reflected from
the surface of the tubing. It could detect high frequency 
sound waves up to approximately 10 MHz.
(ix) An Oscilloscope (See Figure 22)
The hydrophone was connected to an oscilloscope (Tektronix) 
and the amplitude shift on the screen represented the 
amount of signal detected by the hydrophone.
METHOD OF EXAMINATION OF PATIENTS
The carotid arteries of patients were examined with CW ultrasound 
using the same methods described in Chapter 1 with some modification 
in technique described in Experiments 3.3 and 3.5.
DATA PROCESSING
A mini computer (Systime PDP 11/44 series 6400) was programmed to 
calculate and print out values o f © ’ andVmcausing Equations 3.2 and 
3.5 for input data £jFbc, andtf*.
FIGURE 22
The arrangement of the hydrophone, ultrasound probe and tubing.
(a) plan view
(b) side view
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EXPERIMENTS
EXPERIMENT '3.1
EXPERIMENT 3.1.1 The Relationship Between the Maximum Frequency
and the Angle of Insonation
Methods
An emulsion of milk in water was circulated through the tubing 
under conditions of steady flow at a constant velocity using the 
roller pump, constant head tank and reservoir. The 4 MHz probe of 
the Sonicaid BV 380 blood velocimeter was used to record signals at 
multiple values of O' between 10° and 90° from the test section 
layout (a). The gain on the instrument was adjusted to give the 
best signal : noise ratio. Hard copy traces of each signal were 
obtained from the spectrascribe and the maximum frequency (&F max) 
was determined from the average of 20 measurements.
EXPERIMENT 3 .1.2 The Relationship Between the Maximum Frequency
and the Angle of Insonation - The Effect of 
Changing the Ultrasound Scatterer in the Medium
Methods
In this experiment the method was identical to Experiment 3*1*1 with 
the exception that the fluid was water with bubbles of air injected 
proximal to the test section.
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EXPERIMENT 3.1-3 The Relationship Between the Maximum Frequency
and the Angle of Insonation - The Effect of 
Changing the Coupling Between Probe and Vessel
Methods
In this experiment the method was the same as Experiment 3.1*1 with 
the exception that the water tank (test section layout (b)) was 
used to provide the most ideal coupling.
EXPERIMENT 3.1•  ^ The Relationship Between the Maximum Frequency
and the Angle of Insonation - The Effect of 
Instrument Gain
Methods •
In this experiment the method was identical to Experiment 3-1-1 with 
the exception that a high level of instrument gain was used.
EXPERIMENT 3*1.5 The Relationship Between the Maximum Frequency
and the Angle of Insonation - The Effect of a 
Different Instrument
Methods
In this experiment the method was the same as Experiment 3.1*1 with 
the exception that Vasoscan was used as the ultrasound instrument.
A]? max was determined by measuring True max A (see Chapter 2).
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EXPERIMENT 3.1.6 The Relationship Between the Maximum Frequency
and the Angle of Insonation Under Conditions of 
Oscillatory Flow at Different Amplitude
Methods
In this experiment the method was similar to Experiment 3*1*5 with 
the introduction of the Scotch Yoke assembly to produce sinusoidal 
flow. Three amplitudes of oscillations were selected : the minimum , 
and maximum amplitudes the Scotch Yoke could produce (the length of 
the piston stroke was set as approximately 3 and 12 cm respectively) 
and a third intermediate between these 2.
Analysis of Results - Experiments 3»1*1-3*1*6
For values of O' both greater than and less than a critical angle 
(defined on Page 132) the following 2 analyses were carried out:-
(i) The calculation of correlation coefficients (CC) for values 
of (cos©', a F max)
(ii) The coefficients of variation (CV) were calculated from the 
means and standard deviations of the constant K derived from 
Equation 3*1*
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EXPERIMENT 3.2 The Reflection of Ultrasound from the Surface of 
Arteries and Tubing
Introduction
From the results of Experiments 3.1.1-3.1.6 a hypothesis was made 
that for values of O' below a critical angle total reflection of the 
ultrasound beam occurred at the surface of the tubing and further­
more that the critical angle varies according to the physical 
properties of the tube.
Methods
The model used was similar to that in Experiment 3.1.6. An emulsion 
of silicone in water was circulated through plastic tubing at a 
constant velocity using the roller pump, constant head tank and 
reservoir. Sinusoidal flow was provided by the Scotch Yoke assembly 
and the 4 MHz probe of Vasoscan was used as the source of ultra­
sound. A hydrophone, connected to an oscilloscope, was used to 
measure the amount of ultrasound reflected from the surface of the 
tubing.
The materials to be tested were inserted into the test section in 
the circuit of tubing using connecting pieces which passed through 
side holes in the water tank. The materials tested were 30 cm long 
tubes of polytetrafluroethylene (PTFE) and polyurethane, (2 of the 
materials used in the fabrication of vascular grafts) silastic 
rubber, red rubber and both calcified and normal arteries. The 
calcified artery was an operative specimen of superficial femoral
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artery which was heavily calcified on all sides and the normal 
artery was a common iliac artery which felt soft and was macro- 
scopically normal.
The hydrophone, tubing and ultrasound probe were arranged as follows 
under water (see Figure 22). Both the ultrasound probe and hydro­
phone were kept one cm distant from the tubing and as the ultra­
sound probe was rotated to change the angle of incidence (©•) from 
10° to 90° the hydrophone was rotated to lie at a similar angle to 
the tubing but opposite in sign ie negative The angles were
measured accurately using a protractor. The orientation of the 
crystals of the ultrasound probe was kept constant, the emitter 
crystal being lateral to the receiver with respect to the tubing.
The hydrophone was used to detect which crystal was the emitter and 
registered a maximum amplitude of 5-5 mV with the hydrophone one cm 
distant to the emitter crystal. The probe and hydrophone were 
attached to a single steel rod by 2 clamps which allowed lateral 
rotation of the instruments. The steel rod in turn traversed above 
the tank and was clamped to stands on both sides of the tank.
Measurements
For each position of the probe 2 hydrophonic recordings were 
measured because the ultrasound waves could reach the hydrophone 
directly or by reflection.
(i) The first measurement was taken with the probe and hydro­
phone orientated lateral to the tubing as described above :
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the sum of both the reflected and direct ultrasound waves 
reaching the hydrophone.
(ii) The second measurement was taken immediately after the first 
when the stands on both sides of the tank were elevated 
enough to raise the level of the instruments above that of 
the tubing : in which case only direct ultrasound reached 
the hydrophone.
The amount of reflected ultrasound was calculated by subtracting 
the second measurement from the first. In addition the operator 
listened to the audio output which was simpler than making precise 
measurements of a F max. Precise measurements of^ jF1 max did not form 
an essential part of this experiment.
EXPERIMENT 3.3 To Quantify the Relationship Between the Maximum 
Systolic Frequency and the Angle of Insonation In 
Vivo
Methods
Signals were recorded from approximately the same site in the right 
common carotid artery of 4 patients and 2 volunteers using the 4 MHz 
probe of Vasoscan. A protractor was fixed to the spatial sensing 
arm and the angle of incidence of the beam of ultrasound varied in 
increments of 10°. The displayed values for max A for each patient 
were plotted on a graph against the angle shown on the protractor 
(see Figure 35). To find O', the angle between the ultrasound probe 
and the common carotid artery the lowest value of max A was
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presumed to have been recorded when ©  equalled 90°. As there 
was 10° between the measurements other values of ©  could then 
easily be found.
Although the patients would each have had a different velocity of 
flow in their common carotid arteries it was assumed that the 
velocity remained constant during the course of each experiment 
in a particular patient.
Analysis of Results
(i) The correlation coefficient was calculated for values of 
(£kF max, cosG’) for both positive and negative values of 
between the critical angle and 80°.
(ii) The mean slope was calculated for both positive and negative 
values of ©'from those results of analysis (i) with a p 
value less than 0 .05.
EXPERIMENT 3♦  ^ The Accuracy of the Method in Measuring the Angle 
of Insonation
The method was tested for accuracy both in the model, from the 
results of Experiment 3.1.6, and in patients from Experiment 3.3.
In these experiments values of A.F max and ©  were known therefore 
for any pair of values o f m a x ,  60 could easily be determined.
Two values of a F max (zj»JFjc and z^ Fij) and 60 were used as input data 
and the value of ©  calculated by the computer was compared with the
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known experimental value. This was repeated for all values of 
a F max with different values of from these experiments apart 
for any value of ^ F jc which was greater than
EXPERIMENT 3.5 Measurements of Maximum Velocity in the Detection 
of Carotid Disease
22 patients with symptoms suggestive of carotid artery disease 
were examined using Vasoscan in the manner described in Chapter 
one. At the end of the examination the site in the common carotid 
artery or internal carotid artery at which the highest value of 
max A occurred was noted. Using the protractor fixed to the 
spatial sensing arm the transducer was rotated increasing the 
angle the ultrasound beam made with the carotid arteries by 10°.
The common carotid artery and internal carotid artery were re­
examined at this new angle (©"+ 10°) and a second recording made 
from the site giving the highest value of max A. The 2 sites 
ought theoretically to have been identical. There was evidence 
that this was the case because the position of the cursor on the 
flow map did not change much between recordings despite the fact 
that the flow map constructed at angle &■ was invalidated by in­
creasing the angle to O' + 10°. For each patient and on either 
side of the neck a pair of values of max A was obtained taken at 
angle and angle 10°. One carotid artery was excluded because
of a previous carotid endarterectomy. The 2 values of max A and 
the value of 10° were used as input data for the computer and 
values for O' and V max were obtained from the computer print out. 
Data was also obtained on the carotid arteries from arteriograms
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which were graded by 2 surgeons into the same categories as 
Chapter one.
Analysis of Results
(i) The higher of the pair of values of max A was compared 
with the values of V max obtained from the same site, using 
a decision matrix. A threshold value of 3.5 KHz for max A 
was used equivalent to a value for V max of 1^0 cm/sec.
(ii) The accuracies of both max A and V max in the detection
of carotid disease using the threshold values quoted above 
were compared with the grading of disease by arteriograms.
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RESULTS
EXPERIMENT 3.1 The Relationship Between the Maximum Frequency 
.and the Angle of Insonafton 
EXPERIMENT 3.1.1 TO 3.1.6
The values of max for corresponding values of O' are shown in 
Tables 25-30 and in Figures 24 and 26-30. Figure 25 plots the 
values of ^ F  max against those of cos ^  for Experiment 3.1.1- 
Tables 31 and 32 give the results of analysis (i) and Tables 33 
and 3^ of analysis (ii). Figure 23 gives examples of the spectra- 
scribe traces from Experiment 3.1.1.
In Experiment 3.1 • 1 /s>F max increased as ©'fell from 84° but once O' 
was less than 39° a. F max started to fall. The critical angle was 
defined as that value of O' where aF max was found to be highest. 
Figure 25 demonstrates that there was a linear relationship 
between z>.F max and cos ©- for values of ©-between the critical 
angle and 84° with a correlation coefficient of 0.98 (p = 0.0003). 
There was also a linear relationship between them for values of 
©'between 19° and the critical angle but the correlation was 
negative.
Similar findings were obtained from Experiments 3.1.2-3.1.6 with 
the critical angle varying between 37° and 56°. In Experiment - 
3.1.4 (see Figure 28) it appeared from extrapolation that the 
value of A.F max when O' was equal to 45° was inappropriately low 
therefore a critical angle of 40° was selected.
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TABLE 25
&l°)
19
31
39
46
60
65
71
77
85
Experiment 3.1.1 The Variation 
of the Maximum Frequency with 
the Angle of Insonation
max (Hz)
805
971
1067
1031
882
708
686
526
489
O' = angle of insonation 
max = maximum frequency
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TABLE 26 Experiment 3.1.2 The Variation 
of the Maximum Frequency with 
the Angle of Insonation
e-(°> a f  max (Hz)
20 3388
40 5279
46 5894
56 6332
64 5951
69 4795
75 4090
84 2581
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TABLE 27 Experiment 3.1.3 The Variation 
of the Maximum Frequency with 
the Angle of Insonation
Or (°) &F max (Hz)
22 1006
30 1151
34 1189
38 1675
40 1360
42 1319
44 1434
45 1413
46 1125
47 1282
48 1190
49 1099
50 1211
53 1040
54 1140
56 1148
58 1112
60 1034
62 823
64 770
65 974
70 651
74 480
79 460
83 985
90 784
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TABLE 28 Experiment 3.1.4 The Variation 
of the Maximum Frequency with 
the Angle of Insonation
0-(°) ^F max (Hz)
20 775
30 931
35 1034
40 1086
45 982
50 1112
55 1066
60 758
65 633
70 741
75 551
80 581
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TABLE 29 Experiment 3.1.5 The Variation
of the Maximum Frequency with 
the Angle of Insonation
^(°) max (KHz)
5 0.5
13 0.7
16 0.7
23 0.6
26 0.9
34 0.4
37 0.8
39 0.6
44 0.8
48 1.0
52 0.8
57 0.4
58 0.4
61 0.6
66 0.5
67 0.7
71 0.6
74 0.5
82 0.4
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TABLE 33 The Variability of the Constant (K) for Values of &  
Less than the Critical Angle
K - AF max/cos crit
Experiment &(°) n Mean SD CV
3.1.1 19-39 3 1.11 0.260 23
3.1.2 20-56 4 7.58 3.21 42
3.1.3 22-38 4 1.5 0.446 30
3.1.4 20-40 4 1.148 0.253 22
3.1.5 5-48 10 0.845 0.309 37
3.1.6 min osc 8-40 6 1.408 0.536 38
med osc 25-37 3 1.79 1.18 66
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TABLE 34 The Variability of the Constant (K) for Values of O' 
Greater than the Critical Angle
K = <6^  max/cos 9, 0 ^  0~crit
Experiment <9(°) n Mean SB CV
3.1.1 39-77 7 1.66 0.480 29
3.1.2 56-74 4 13.55 1.88 14
3.1.3 38-77 23 1.94 0.195 10
3.1.4 40-75 8 1.716 0.313 18
3.1.5 48-74 9 1.358 0.423 31
3.1.6 min osc 45-80 6 2.36 0.605 26
med osc 37-80 6 2.73 0.144 5
max osc 40-80 7 3.43 0.194 6
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( a ) <k>
,^-.";rr^^-'-■- • ?
CC7
t ii -i. — *•■
(d)
FIGURE 23
Spec.trascribe traces from Experiment 3.1.1. Irregularities of 
the maximum frequency envelope made the results more variable.
(a) &  = 39°
(b) &  = 46°
(c) © ” = 60°
(d) &  = 65°
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A , F m a x
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& C°>
FIGURE 24
Experiment 3.1*1 The relationship between A F  max and O '.
The interrupted line gives the expected result for values of 
©<40° ie a cosine curve.
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FIGURE 25
Experiment 3.1.1 The relationship b e t w e e n m a x  and cos O.
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Experiment 3.1.2 The relationship between a F max and&\
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3 The relationship between A.F max and ©*.
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The relationship between a F max and O.
149
I'Oi
if.m a x
(k(k)
os- G O O
0 0
0 * H  ©  © o  o
0 © O
© V o  e©
© a -
— ,----------1-----------1--------- f—
20 4© £o So
e *
FIGURE 29
Experiment 3.1.5 The relationship between ^ .F max and
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.6 The relationship between max and &.
O — — O  = minimum amplitude of oscillation 
* —  —x  = intermediate amplitude of oscillation 
£r- = maximum amplitude of oscillation
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EXPERIMENT 3.2 The Reflection of Ultrasound from the Surface of 
Arteries and Tubing
Tables 35—39 and Figures 31-34 give the amount of reflected ultra­
sound at different values of &■ for the material tested.
In the cases of PTFE, polyurethane and calcified and normal arteries 
as O  fell from 90° the signals recorded by the hydrophone were low 
until a critical angle was reached when a sharp increase was re­
corded. The increase reached approximately 5 -mV which was almost 
the maximum emitted intensity of the ultrasound. In the cases of 
silastic and red rubber there was a more gradual increase in hydro- 
phonic signal as O  fell from 90°. The critical angle for each 
material was determined from the mean angle where the increase was 
noted for each experiment. The critical angles are displayed in 
Table 40. These critical angles, which were different for each 
material, corresponded with a fall in the audio output, from the 
Vasoscan indicating a drop in z^F max.
EXPERIMENT 3.3 To Quantify the Relationship Between the Maximum 
Systolic Frequency and the Angle of Insonation In 
Vivo
Table 41 gives the results of max A for each value of O for each 
patient and Figure 35 is a graph of the results for patient number 
one. It was found that max A rose as O  fell from 90° until:-
(i) Max A fell at a critical angle (n = 5)
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FIGURE 31
Experiment 3 . 2 The reflection of ultrasound from silastic tubing
o :--  o = Experiment (i)
x - - x = Experiment (ii)
^  = Experiment (iii)
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FIGURE 32
Experiment 3.2 The reflection of ultrasound from PTFE (Goretex)
o   o = Experiment (i)
x   x = Experiment (ii)
A. ... a . = Experiment (iii)
Q  o  = Experiment (iv)
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FIGURE 33
Experiment 3*2 The reflection of ultrasound from polyurethane 
and red rubber
o —— o = polyurethane Experiment (i)
x - x = polyurethane Experiment (ii)
... = red rubber ;Experiment (i)
o  = red rubber (Experiment (ii)
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FIGURE 34
Experiment 3*2 The reflection of ultrasound from calcified and 
normal arteries
o --- o = calcified artery
x -—  x = normal artery
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or
(ii) No ultrasonic signal could be received (n = 5) 
or
(iii) After a certain angle max A remain constant ie a plateau 
reponse and then no ultrasonic signal could be received 
(n = 2)
The critical angle was determined as the mean of all the responses 
and this was 32°. Table 42 gives the results of analysis (i). The 
mean gradients were:-
(a) Qr positive:-
cos ©• = 0.278 max A - 0.057 
max A = 3.6 cos Qr + 0.21
(b) e  negative:-
cos O' = 0.436 max A - 0.111 
max A = 2.3 cos <9- + 0.25
%
EXPERIMENT 3•4 The Accuracy of the Method of Measuring the Angle 
of Insonation
In the case of the figures obtained from the model (Experiment 
3.1.6) the method accurately calculated O'to within 10° in 21/24 
(88%) (see Table 43) with little difference whether 63 was between 5° 
and 23°.
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TABLE 41 Experiment 3.3 - The Variation of Max A with 
the Angle of Insonation
0-(°)
1
Values
2
max 
(KHz) for 
3
A
Patient
4
Number
5 6
- 30 - 1.1 2.3 1.7 3.9 3.6
- 40 1.5 1.3 1.5 1.4 3.8 3.8
- 50 1.6 1.1 1.4 1.2 3.0 3.5
- 60 1.3 0.8 1.8 0.8 2.5 2.9
- 70 1.1 0.7 1.4 0.7 2.0 2.0
- 80 0.9 0.5 1.0 - 2.2 1.0
9° 0.6 1.0 0.5 - 0.8 -
80 0.7 0.6 1.0 - 1.3 1.7
70 0.8 0.9 1.5 1.0 2.3 2.4
60 1.1 1.4 2.1 1.4 3.1 3.1
50 1.5 1.5 2.5 1.5 3.6 3.3
40 1.7 1.9 2.8 2.8 3.6 3.9
30 2.3 2.2 2.8 2.3 3.6 4.6
20 2.1 2.4 _ ' — — _
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TABLE 42 The Relationship Between Max A and the Cosine of the 
Angle of Insonation
cos Q  : max A , Ocrit ( 80° ie O' is positive
Patient n CC m c SE P
1 6 .946 .353 + .107 .086 = .006
2 7 .978 .342 - .007 .057 < .001
3 6 .99 .322 - .204 .028 < .0001
4 4 .955 .209 + .172 .054 = .041
5 5 .99 .203 - .146 .017 = .003
6 6 .99 .243 - .262 .036 < .001
mean .278 - .057
cos O  : max A, O c r i t  > O  > (- 80°) ie 0 i s negative
Patient n CC m c SE P
1 5 .99 .518 - .199 .032 < .001
2 5 . .978. .569 - .062 .049 = .003
3 6 .889 . .457 - .289 .119 = .018*
4 5 .996 .438 - .054 .018 < .001
5 5 .82 .237 - .216 .133 = .086*
6 6 .978 .219 - .128 .054 = .002
mean .436 - 0.111
* Excluded from the mean
TABLE 43 The Accuracy of the Method of Determining 
the Angle of Insonation
O  correct to S ’ correct to
within 5° within 10°
W
5-8° 4/8 6/8
10° 1/3 3/3
13-13° 5/8 7/8
20-23° 3/5 5/5
Total 13/24 21/24
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In Experiment 3.3 ©'was correctly calculated by the method to within
15° in 39/55 and if any value of O' less than 30° was excluded the
accuracy rose to 37/45 (82%)
EXPERIMENT 3.5 Measurements of Maximum Velocity in the Detection 
of Carotid Disease
Analysis (i) (See Table 44)
Eight values (ie 50$) of the positive answers for max A were falsely 
positive when compared with V max. Of those 8 values O' was found 
to be ^  30° in 4; 43° or 44° in one and 55° in 2. O' was less than 
60° in all 8. Only one value of max A gave a false negative answer
and 0" was found to have been 72° ie > 60°.
Analysis (ii) (See Table 45)
It was found that whilst the specificity of V max was superior to 
max A (100% cf 80%) the latter variable was more sensitive to all 
grades of disease as judged by arteriograms.
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TABLE 44 A Comparison of Max A with Calculations of
v
Maximum Velocity. Comparing Max A with V Max. 
Using a Decision Matrix and the Threshold Values 
shown in brackets
Max A 
(3.5 KHz)
V Max
(140 cm/sec)
8 26
170
TABLE 45 A Comparison of both Max A and the Maximum Velocity 
with Arteriograms
Threshold
Max A 
3.5 KHz
V max 
140 cm/sec
Normal
Minimal Disease 
Mild Stenosis 
Severe Stenosis 
Occlusion
Specificity
Overall Sensitivity
Sensitivity for 
Severe Stenoses
2
2
4
5 
3
8/10 (80%) 
14/33 C42*)
5/9 (56%)
10
3
4 
2
0 10
1 11
2 5
3 6
3 2
10/10 (100J6)
9/33 (27%)
3/9 (33%)
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DISCUSSION
Wells quotes.an error of only 10# in measurements of velocity if O  
is within 25° of the true direction of motion however this is mis­
leading as the operator usually endeavours to maintain an optimum 
angle of insonation of between 45° and 60°. 10  ^ errors in
calculations of V max resulting from an error in measurement of 
of only 10° are given in Table 46. For a value of O  of 50° it 
is approximately 20# and for a value of O'of 60° it is 33%.
Figure 36 demonstrates the order of magnitude of the error that 
might result in an incorrect estimation of O’ in patient number 5 
from Experiment 3.3. There is therefore a need to determine e  
accurately.
In Experiments 3.1.1-3.1.6 a linear relationship was demonstrated 
between values of a.F max and cos o  consistent with the Doppler 
formula but only for values o f O  between a critical angle and 80°. 
When O'is 90°^ F  max should theoretically be zero but some fre­
quencies are always detected due to the arrangement of the crystals 
in the probe and the divergence of the ultrasound beam.10?
In Experiment 3.1.1 the finding of a decrease in &F max for values 
of O  below the critical angle was unexpected, the interrupted line 
in Figure 24 shows the expected result ie a cosine curve. Below the 
critical angle a linear relationship was usually shown between &.F 
max and cos O  so that an explanation based on physical theory was
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TABLE 46 The Error in Velocity Measurements if the Angle of 
Insonation is Unknown
0 °  R ^.F max (KHz) Error t 10°
70 0.52 1.0 50%
60 0.69 1.5 33%
50 0.78 • 1.9 20%
40 0.84 2.3 15%
30 0.88 2.6 10%
20 0.92 2.8 5%
10 0.95 2.9
Values of R calculated from Equation 3-2 for values of 0 .
W h e n m a x  is 1.0 KHz for 0  equal to 70° corresponding values 
of ^ F  max at the other angles are shown. If there was an 
error of only 10° in the percentage errors in measurements 
of maximum velocity are shown for the corresponding true 
values of0. These percentage errors are constant regardless 
of the actual velocity in the vessel.
n 3
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®3.S
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FIGURE 36
Experiment 3-3 The variation of max A with©', patient number 5.
(a) max A = 3.6 KHz, ©  = 40°
(b) max A = 1.3 KHz, ©  = 80°
i m
appropriate. The result was the same when the ultrasound scatterer 
was changed and when a water bath was used. This demonstrated that 
the effect was not due to a decrease in the received signal because 
of inadequate coupling at low values of 0" . The signal to noise 
ratio was low at low values of 0  and it was conceivable that in­
creasing the level of instrument gain although increasing background 
noise might allow hitherto undetected- signals to be recorded : this 
was not found to be the case. Shoor et al have published a graph 
with similar results and reported an optimum angle of insonation 
for each of 5 ultrasound probes tested in a similar experiment.
The optimum angles they report correspond to the critical angle 
found in this Experiment but changing the instrument did not affect 
the results in Experiment 3*1.5 and therefore the phenomenon was 
not primarily due to instrumentation. The phenomenon occurred under 
conditions of oscillatory flow and the decline in a F max below the 
critical angle became more marked with increasing amplitude of 
oscillation (Experiment 3*1.6) which might prevent its appreciation 
in vivo. The constant obtained from Equation 3.2 for values of e- 
greater than the critical angle was more variable than expected and 
this was due to disturbances of flow in the model making a F max 
measurements themselves more variable.
Total reflection of the ultrasound beam from the surface of different 
materials and arteries was found to occur at a critical angle which 
varied with the physical properties of the tube. This was the 
explanation of the fall in A F  max in the previous experiments at 
low values of 0.
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Snell's law applies to any wave traversing a boundary between 2 
media and describes the relationship between the speeds of sound in 
the 2 media (Cl and C2) and the angles of incidence (i) and re­
fraction (r) to the boundary, see Figure 37 and Equation 3.5*
sin i/sin r = C1/C2 • Equation 3-5
When total reflection occurs angle r equals 90°, sin r equals 
one therefore Equation 3.5 simplifies to:-
C2 = Cl/sin i Equation 3.6
The speed of sound (C) in each material tested in Experiment 3-2 
was calculated from Equation 3.6 using the experimental values for 
their critical angles. Angle i was 90° minus the critical angle. 
These values of C along with reported values for muscle and water 
are shown in Table 40.
Ag the speed of sound in a medium depends on the relationship between 
the Young's modulus of elasticity (Y) and the density (p) of the 
medium shown in Equation 3.7 the higher value for C in the calcified 
artery in Table 40 compared to that in the normal artery is what 
one would expect.
C = (Y/p)^ Equation 3.7
In Experiment 3-2 measurement of ultrasound intensities was 
the primary aim but there were some interesting observations
176
MEtnu»-i 1
Sta r- C,
■i■ X - ■
siu r c,
c„ s -£l
SlU t
* f-lEOXUK 3.
I
vnxlAMxt OJavC-
wave.
177 BovJMpftRY
MEPuJM 2
Snell's Law
FIGURE 37
177
to be made from the Doppler shifted frequencies. Total reflection 
implies that no ultrasound waves penetrate the lumen of the 
vessel yet some frequencies were detected for values of O' less 
than the critical angle. A possible explanation of this may be 
that as the emitted beam is divergent some waves enter at an 
angle greater than the critical angle. In the case of PTFE and 
polyurethane the critical angles were high. This is of importance 
in clinical work as vascular grafts are constructed from these 
materials, also even at high values of O ’ (ie greater than the 
critical angle) only a very low intensity signal was recorded.
At low values of Of movement of the wall of the tube was detected 
rather than intraluminal velocities (see Figure 38).
The findings in Experiment 3.3 were similar to those in Experi­
ments 3.1.1-3.1.6. A critical angle was identified although it 
was higher than expected. This may be because of total re­
flection of the ultrasound or because frequencies of low in­
tensity were absorbed by the soft tissues overlying the arteries. 
In the clinical situation there are many tissue interfaces where 
reflection may take place, the most important being the skin : 
air interface. Difficulties encountered at the skin : air 
interface might have explained the high critical angle of 32° 
but in a separate experiment using the hydrophone no reflection 
was found from the skin provided a liberal quantity of water 
based jelly was applied between the probe and the skin. If air 
was present the ultrasound signal was greatly attenuated before 
it even reached the skin.
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FIGURE 38 
Wall movement of PTFE (Goretex)
This signal was recorded in Experiment 3.2 with an angle of 
insonation less than the critical angle and only water (ie it was 
free from any small particles which scattered ultrasound) in the 
tube.
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The gradients of the straight lines and the critical angles ought 
to have been identical in any individual patient apart from 
opposite signs ie a positive gradient for positive values of (P' 
and a negative gradient for negative values of O'. The reason the 
mean gradients differed was probably due to the fact that as the 
probe was rotated its position in relation to the artery was not 
truly lateral and rotation about a slightly oblique plane was taking 
place. This rotational error would affect the experimental results. 
Figure 39 demonstrates that if the x axis is moved by negative 10° 
the gradients become- more similar. There was therefore an error 
in calculating^ from the lowest max A in Experiment 3-3 which . 
caused errors in both the critical angles and the gradients of the 
straight lines.
Several methods have been described to measure the angle of 
insonation using u l t r a s o u n d . 1 ^ - -*-1 2  Woodcock described the 
method used in Experiment.3•3 where the probe is orientated for 
the minimum signal which is assumed to be at right angles to the 
flow direction and Fahrbach used 2 beams at right angles to 
each other in a method similar to the one used in this 
chapter.110>113 However we found errors in assuming that the 
minimum Doppler shift occurred when &- was equal to 90° and 
the other methods involve the use of additional apparatus eg a 
second transducer or A scan probe. Such methods have not achieved 
any popularity.
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The method devised to measure the angle of insonation in this 
chapter is simple and easy to perform when the transducer is held 
in the spatial sensing arm of a Doppler imaging system. The only 
additional apparatus is a protractor.
The importance of Experiments 3.1-3.3 was in demonstrating that 
the method for measuring ©  used in this chapter would only be 
accurate over a limited range of angles ie 30°-80°. This was why 
66 was chosen to be as low as practical (10°) in Experiment 3.5.
This allows ©  to range as widely as possible ie between 30° and 
70°. The use of ci> equal to 10° was found to be of acceptable 
accuracy in measuring O'.
The purpose of comparing max A with V max (analysis (i) Experi­
ment 3*5) was to determine the number of values of max A ^  3.5 KHz 
taken with a value of ©'less than 60° (the optimum angle) and the 
number of values of max A <, 3.5 KHz taken with a value of ©greater 
than 60°. As expected ©  varied widely and all those values of 
max A ^  3.5 KHz where V max was less than 140 cm/sec were taken 
at low values of ©  and the single value of max A < 3.5 KHz where 
V max was greater than 140 cm/sec was taken at a high value of O'.
Whilst it was gratifying to find the specificity of V max so high 
(100£) for the detection of carotid disease it was unexpected 
that it was less sensitive than max A when compared with arterio­
grams. In order to account for this either the grading of disease 
by arteriograms was incorrect (which was possible although it
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seems unlikely that the presence of disease was overestimated), 
the method of measuring V max was inaccurate (experimental 
evidence suggested it was not) or the range of velocities in the 
normal carotid artery was too great to allow any distinction to 
be made between "normals" and patients with narrowed arteries.
It was noted in course of examining asymptomatic volunteers 
(Experiment 1.1) that max A did increase significantly. This 
was presumably due to a degree of vasospasm caused by appre­
hension. Atherosclerotic arteries do not react to sympathetic 
activity in the same way which would tend to create an overlap 
in the ranges of V max obtained from normal and diseased arteries.
The highest value of V max recorded in Experiment 3.5 was 300 
cm /sec which was the highest found by Blackshear et al who 
measured V max using a Duplex s c a n n e r . T h e  same authors 
reported a range for V max of between 93-5 cm ;/sec and 304.6 
cm. /sec in the internal carotid artery for patients with severe 
carotid stenoses and Breslau found V max to range from 39 
cm /sec to 325 cm:/sec for patients with various degrees of 
stenosis. -5-0^ » These low measurements of V max obtained in 
patients with carotid stenoses is in agreement with our findings 
but lowering the threshold value of V max did not increase its 
diagnostic yield.
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C H A P T E R  U
MAXIMUM FREQUENCY RATIOS AND 
THE DETECTION OF CAROTID ARTERY DISEASE
184
INTRODUCTION
In Chapter one it was shown that waveform analysis of CW ultra­
sound spectra from carotid arteries was only accurate in the 
detection of severe stenoses ie those causing a reduction in the 
lumen of an artery by 50% of the diameter or more. In this Chapter 
the possibility of increasing the diagnostic yield for lesser 
grades of disease was explored using a ratio of 2 measurements of 
max A ie one proximal to a stenosis and another distal. There 
was both theoretical and experimental evidence that this might be 
possible.
The following experiments are described in this Chapter
(i) The variation of max when both the point of insonation
relative to a stenosis and the size of the stenosis are 
varied in a model (Experiment 4.1)
(ii) The variation of max A at different sites in the carotid 
arteries of asymptomatic volunteers and patients (Experi­
ment 4.2)
(iii) The accuracy of an index (FI) compared with max A alone
in the detection of carotid artery disease (Experiment 4.3). 
The index (FI) was the ratio of max A in the internal 
carotid artery to that in the common carotid artery.
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In a study on the mechanics of a critical stenosis in a blood 
vessel Berguer and Hwang put forward a theoretical solution for 
the relationships between the velocity of flow at a point proximal 
to a stenosis (Vj), the velocity at the stenosis (Vs) and the ratio 
of the cross sectional area at the stenosis to that at the point 
of measurement proximal to the stenosis.
Vs/Vi = l/(rs/rj)2 Equation 4.1
where rj and rg represent the radii of the prestenotic section and 
the stenosis respectively.1111
This Equation can be rearranged to give:- 
rg/r-j- = (Vj/Vg)* Equation 4.2
The term rs/rj can be considered to express the degree of stenosis 
and the term (Vj/Vg)5 is the equivalent of the square root of the 
inverse of the index FI quoted above. However as Equation 4.1 is 
based on the mean velocity of flow (V) extrapolating the relation­
ship to the situation in the carotid arteries is not straight­
forward where max A is proportional to the maximum velocity.
Using a Duplex scanner it has been reported that a ratio of the 
peak systolic velocity in the internal carotid artery to that in 
the common carotid artery was an accurate indicator of the degree 
of carotid stenosis.
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METHODS
The Model
A model using the same apparatus described in Chapter 3 was used 
with the introduction of stenoses in the test section and the use 
of Dextran 40 as the medium.
The Stenoses
Five stainless steel cylinders one cm long and of diameter 0.7 cm 
each had a smooth hole drilled through their centres. The dia­
meters of the holes were 2 , 3 , 4, 5 and 6 mm respectively.
To introduce a stenosis the tubing was divided in the test section 
and its ends butted against the end of one of the cylinders to 
produce smooth joints (see Figure 40). A short 3 cm long plastic 
sleeve sprayed with an acrylic resin was placed over the top of 
the cylinder and both ends of the tubing to hold them firmly in 
place. No constriction of the tubing was caused by the outer 
sleeve.
The Medium
Dextran 40 has a higher viscosity than water (4.8 cp at 23° C 
at a shear rate of 128/sec measured using the method described 
by Humphreys) and its use along with the mean velocity of flow 
and frequency rate of the Scotch Yoke used in Experiment 4.1 
allowed values for the Strouhal number (0.024), the Reynolds 
number (127, calculated using V) andO< (1.2) in the model to
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Stenosis Outer plastic sleeve
Butt joints between tubing and stenosis
Circuit of silastic tubing
FIGURE 40
A stenosis'introduced into the test section
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approximate those calculated for the internal carotid artery in 
vivo (see Page 227
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EXPERIMENTS'
EXPERIMENT 4.1 Measurements of Maximum Frequency when both the 
Point of Insonation Relative to a Stenosis and 
the Size of the Stenosis are Varied in a Model
Methods
An emulsion of silicone liquid in Dextran 40 was circulated through 
each of the 5 stenoses in turn at a mean velocity of 9 cm/sec 
(volume flow = 180 ml/min) with a frequency rate of the Scotch 
Yoke of 40 cycles/min (0.67 Hz). Measurements of AF max were 
taken using the 8 MHz probe of Vasoscan (with an angle of in­
sonation of 60°) from the following sites
a) Proximal to the stenosis
(i) 10 cm
(ii) 5 cm
(iii) within 1 cm
b) Distal to the stenosis
(i) 12 cm
(ii) 5 cm
(iii) within 1 cm
The degree of stenosis was calculated from:-
(i) Tg/rj
(ii) JdDj - IDgl/ID-d x 100?
where ID refers to the internal diameter.
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The following ratios were calculated:-
a) The highest a F max distal to a stenosis : the a F max 10 cm
proximal to a stenosis ie a F maxsA.F maxj
b) The highest^F max distal to a stenosis : the a F max from
within one cm of the proximal face of the stenosis ie
A F  maxs/i2>.F maxppg
c) The square root of the inverse of ratio a) ie (a F maxj^F maxs)*
d) The square root of the inverse of ratio b) ie (AF maxppg^F maxg)5
e) The square root of the ratio of the mean velocity proximal
to the stenosis to that within the stenosis, (from theory,
The reason for duplicating the ratios was to have one set in the 
form of Equation 4.2 derived from Berguer and Hwang's theory and 
another set in the form normally used in clinical work on the 
carotid arteries.
Equation 4.2) ie (Vj/Vs )^
f) The inverse of the above ratio squared ie Vg/Vj
Analysis of Results
(i) The ratios rs/rj, CaF maxj/^F maxg)^, (aF maxppgAF maxg)5 
and (Vj/Vg)? were compared with each other.
The ratios ^(IDj - IDs)/IDj j- x 100%, a F maxgA.F maxj,
A F  maxs/&.F maxppg and Vg/Vj were compared with each other
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EXPERIMENT 4.2 The Variation of Max A at Different Sites in the 
Carotid Arteries of Asymptomatic Volunteers and 
Patients
Methods
The results of the carotid ultrasound examinations of the follow­
ing groups of patients were selected from Experiments 1.1 and 1.2 
for further study.
Group 1 - Young Normals
This Group was comprised of all the asymptomatic volunteers studied 
in Experiment 1.1 (n = 17) of mean age 25 years.
Group 2 - Old Normals
This Group was comprised of those patients in Experiment 1.2 
(n = 7) who had bilateral normal arteriograms and ultrasound 
examinations. Their mean age was 55 years.
Group 3 - Mild Stenosis
This Group was comprised of those patients (n = 14) in Experiment
1.2 who had a mild stenosis found at operation.
Group 4 - Severe Stenosis
This Group was comprised of those patients (n = 9) in Experiment
1.2 who had a severe stenosis found at operation.
Group 5 - All Stenoses
This Group comprised both Groups 3 and 4 together (n = 23).
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Group 6 - Stenosis : Exclusion
This Group comprised all those patients in both Groups 3 and 4 in 
whom the values of max A did not exceed 3.5 KHz in any site 
(n = 7).
The arterial sites from which data was analysed were proximal and 
distal internal, common and external carotid arteries and the 
bifurcation (BIP) for each patient in each Group. (BIF included 
data from sites BIF 1 and BIF 2 in Experiment 1.1). The reason 
for selecting Group 6 was to analyse data on patients who would 
otherwise have been classified as false negative ie normal on the 
basis of the measurement of max A.
Analysis of Results
(i) The mean value of max A at each site in the carotid arteries 
was determined in each Group.
(ii) An average index was determined for each site by dividing 
the mean value of max A for that site by the mean for the 
proximal common carotid artery.
(iii) Differences between the mean values of max A in the proxi­
mal common carotid artery in different Groups were tested 
using Student’s t test on unpaired values.
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EXPERIMENT 4.3 The Accuracy of a Ratio of 2 Measurements of Max A 
Compared with a Single Measurement of Max A in 
the Detection of Carotid Artery Disease
Methods
FI (the ratio of the highest value for max A in the common carotid 
artery or internal carotid artery to that in the proximal common 
carotid artery was determined in each of the 57 patients examined 
using ultrasound in Experiment 1.2.
In this Experiment the patients were divided into another 2 Groups
Group one was comprised of all 57 patients (n = 100 carotid 
arteries, those with occlusions were excluded), and Group 2 was 
comprised of those carotid arteries which had values of max A 
less than 3*5 KHz (n = 69) ie those arteries not already diagnosed 
as having disease on a single measurement of max A.
Analysis of Results
The accuracy of FI in the detection of carotid artery disease was 
tested using decision matrices (see Appendix 2). Threshold values 
of FI of 1.6, 2.0 and 2.3 in Group one and 1.3, 1.6, 2.0 and 2.3 
in Group 2 were compared with the grading of disease as shown on 
arteriograms. Finally a combination of both max A and FI at 2 
different threshold values of each was tested.
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RESULTS
EXPERIMENT 4.1 Measurements of Maximum Frequency when both the 
Point of Insonation Relative to a Stenosis and 
the Size of the Stenosis are Varied in a Model
Table 47 gives the a F max measurements at each site for each 
stenosis and Table 48/Figure 41 and Table 49/Figure 42 give the 
results of analysis (i) and (ii) respectively. Figures 43 and 
44 give examples of ultrasound spectra at the 2 mm stenosis.
Proximal to a stenosis of any degree a F  max fell and distal to a 
stenosis a F max rose, the rise in a F max was directly proportional 
to the severity of the stenosis.
Analysis (i), (see Figure 4l) confirmed that there was a linear 
relationship between both (a F maxjAF maxs)? and (a F maxpEE/kF maxs)? 
and the degree of stenosis therefore the maximum velocity as 
measured by ultrasound was behaving in the same way as the mean 
velocity described by Berguer and H w a n g . T h e  correlation 
coefficient of a straight line of gradient 0.90 joining values 
of (a F maxj/kF maxg )^  and rs/rj was 0.995* The correlation co­
efficient of a straight line of gradient 0.75 joining values of 
(aF maxpRE/c>.F maxs)* and rs/rj was 0.99. Thus the percentage 
reduction in diameter at a stenosis was inversely related to 
the square root of/^F maxs/AF maxj o r A F  maxs/^F maxPRE.
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TABLE 47 The Variation of Maximum Frequency with the Degree 
of Stenosis and the Point of Insonation Relative to 
the Stenosis
Point of Insonation Size of Stenosis (mm)
(cm)
2 3 ' 4  5
Proximal to Stenosis
10 1.5 1.7 1.7 1.8 1.7
5 1.7 2.0 - - 2.1 1.8 
< 1 1.3 1.4 1.3 1.4 1.3
Distal to Stenosis
< 1  7.2 5.0 3.6 2.4 '1.7
5 4.8 - 1.9
12 1.7 2.0 2.3
max measurements at each stenosis in KHz
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FIGURE 41
Experiment 4.1 The relationship between the degree of stenosis
and the frequency ratios, analysis (i).
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FIGURE 42
Experiment 4.1 The relationship between the degree of stenosis
and the frequency ratios, analysis (ii).
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Ultrasound spectra proximal to the 2 mm stenosis, 
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FIGURE 44
Ultrasound spectra distal to the 2 mm stenosis, 
(a) within one cm (b) 5 cm (c) 12 cm
EXPERIMENT 4.2 The Variation of Max A at Different Sites in the 
Carotid Arteries of Asymptomatic Volunteers and 
Patients
The results of analysis (i) are summarised in Table 50 and of 
analysis (ii) in Table 51.
Mean Value of Max A :- there was a statistically significant drop 
in the mean value of max A in the proximal common carotid artery 
in Group 2 compared with Group one~(p = 0.0003) ie older compared 
with younger normals. There was no difference however in values 
at this site between patients with stenoses and older normals.
Average Index:- the average index in the internal carotid artery 
in Group one was only 0.8 however in Group 2 (older normals) it 
rose to ^  1.3. In the other Groups with stenoses it was always 
^ 1 . 3  but except in the case of severe stenosis (Group 4) there 
was no statistical difference between older normals and the Groups 
with stenoses.
EXPERIMENT 4.3 The Accuracy of a Ratio of 2 Measurements of Max A 
Compared writh a Single Measurement of Max A in 
the Detection of Carotid Artery Disease
Tables 52 and 53 give the accuracy of the FI compared with arterio 
grams for Groups one and 2 and Table 54 the accuracy of the com­
bination.
203
TABLE 50 The Variation of Max A at Different Sites in the 
Carotid Arteries
(Figures are Mean Values in KHz)
Group
Site 1 2 3 4 5 6
prox CCA 2.5 1.7 1.8 1.3 1.6 1.5
dist CCA 2.5 1.7 2.0 1.4 1.7 1.5
BIF 2.3 1.6 2.7 3.2 2.9 2.4
prox ICA 1.9 1.8 2.3 2.4 2.3 2.0
dist ICA 2.0 1.9 2.3 2.2 2.3 2.2
prox ECA 2.5 2.2 2.5 2.8 2.6 2.4
dist ECA 2.4 2.0 2.5 2.4 2.5 2.4
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TABLE 51 The Variation of the Average Index at Different Sites 
in the Carotid Arteries
(Average Index = Mean Max A at each Site 7 Mean Max A 
at Prox CCA)
Group
Site 1 2 3 4 5 6
prox CCA 1 1 1 1 1 1
dist CCA 1 1 1.11 1.07 1.06 1
BIF 0.92 0.94 1.5 2.5 1.8 1.6
prox ICA 0.76 1.06 1.3 1.8 1.4 1.3
dist ICA 0.8 1.12 1.3 1.7 1.4 1.5
prox ECA 1 1.29 1.4 2.2 1.6 1.6
dist ECA 0.96 1.18 1.4 1.8 1.6 1.6
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TABLE 53 A Comparison of the Index FI with Arteriograms in 
Group 2, Experiment 4.3
Grading on Arteriograms 
Normal 39
Minimal Disease 11 
Mild Stenosis 12 
Severe Stenosis 7
Specificity 
Overall Sensitivity
Threshold Value of FI 
>1.3 1.6
19
7
9
5
20/39 (51?) 
21/30 (70%)
20
4
3
2
15
3
4 (33?)
.'5 (71?)
24/39 (62%) 
12/30 (40?)
24
Grading on Arteriograms 
Normal 39
Minimal Disease 11 
Mild Stenosis 12 
Severe Stenosis 7
Specificity 
Overall Sensitivity
Threshold Value of FI 
2.0
5
0
2 (17?)
4 (57?)
34/39 (87?) 
6/30 (2 0 %)
34
11
10
3
2.3
1
0
1 '(8?)
4 (57?)
38/39 (97?) 
5/30 (17?)
38
11
11
3
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In Group one the overall sensitivity (ie the incidence of true 
positive results for all grades of disease) of FI was low and 
when its specificity was high eg 94% the sensitivity for severe 
stenoses was only 44%. The sensitivity of FI increased with 
increasing severity of disease.
In Group 2 ie those patients in whom a stenosis was not detected 
using max A the use of FI increased the diagnostic yield but 
only for those patients with severe stenoses. It was not help­
ful in detecting patients with less severe grades of disease. 
Using a combination of max A at a threshold of 3.5 KHz and FI 
at a threshold of 2.3 gave a specificity of 19% and a sensitivity 
for severe stenoses of 83% (see Table 54).
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DISCUSSION
It is known that max A increases with increasing degree of 
stenosis in the carotid arteries and that the peak systolic 
velocity in the common carotid artery is lower in diseased 
arteries than in the arteries of individuals below the age of 
35 years.76>115 it seemed likely that a ratio of 2 measurements 
of max A would be more effective in the detection of carotid 
stenoses than a single measurement alone.
The results of Experiment 4.1 were important in demonstrating 
that &F max fell immediately proximal to a stenosis (possibly 
due to reflection of flow waves from the face of the stenosis). 
However the decrease in max was not related to the severity 
of the stenosis although only one mean velocity of flow was 
tested. The behaviour of the maximum velocity at each of the 
stenoses was also found to follow closely that of the mean 
velocity (at least until the diameter of the lumen was reduced 
by 50%) such that the relationship derived from Berguer and 
Hwang's formula (Equation 4.2) was correct ie the degree of 
stenosis was related to a ratio of 2 measurements of maximum 
frequency.
In the carotid arteries it has been shown that once a stenosis 
becomes critical ie with a reduction in diameter of the vessel 
of approximately 50% (equivalent to a reduction in the cross
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sectional area of the lumen of 75%) the volume flow is reduced 
hence although the mean velocity of flow increases it does not 
do so to the extent required in Equation 4.1.2i*>25 in Experiment 
4.1 it was found that this affected the maximum velocity of flow 
(see Figure 42). The ratiosAF maxs/&F maxj andAF maxs/fcF maxpRE 
failed to keep their relationship with the theoretical ratio 
Vs/Vi once the percentage stenosis (diameter) had exceeded 
approximately 50%. However for stenoses greater than 50% the 
first 2 ratios tended to follow the last ratio in such a way 
that there was justification in believing that the index might 
be successful in the indentification of disease. The reason 
for calculating bothAF maxsiF maxj andAF maxsiF maxpRE. was that 
using CW systems the operator is uncertain as to the precise 
point of insonation in relation to the stenosis. As can be seen 
from Figures 41 and 42 it did not make much difference.
Before proceeding to the identification of atherosclerotic 
stenosis in patients using FI it was necessary to determine the 
behaviour of the index in groups of patients in whom the severity 
of disease was known. Experiment 4.2 confirmed that max A does 
fall in the common carotid artery proximal to a severe stenosis 
but it also fell in the group of older patients with no evidence 
of carotid disease. In Experiment 4.2 while it was found that 
the average index in the internal carotid artery was always less 
than or equal to 0.8 in young normals, (which was the identical 
threshold value reported by Blackshear et al) it was much higher 
in older normals such that there was little difference between
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this latter group and those with stenoses other than severe.^ 5
From the results of Experiment 4.2 it could have been predicted 
that FI would only be successful in accurately identifying 
patients with severe stenosis and this was found to be the case 
in Experiment 4.3. FI at a threshold of 2.0 was of similar 
accuracy as max A at a threshold of 3-5 KHz (results of Experi­
ment 1.2) and whilst some patients were identified using FI 
that were not detected using max A alone, the combination of 
using FI and max A was not quite as accurate as the combination 
of max A, SB and the flow map used in Experiment 1.2.
The reasons for this failure were two fold. Firstly there was 
the unexpected finding that values of max A tended to fall in 
the common carotid artery with increasing age irrespective of 
the presence of arteriosclerosis obvious on arteriograms. And 
secondly there were variations in the angle of insonation which 
resulted in a greater variability of max A making reliable com­
parisons difficult.
The reason why FI was successful in the indentification of 
severe stenoses can be seen from Figure 42 : for stenoses greater 
than 50% a small increase in stenosis caused a large increase 
in FI but for stenoses less than 50% a similar change in stenosis 
caused a much smaller change in the index.
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C H A P T E R
THE DETECTION OP DISTURBANCES OF FLOW 
USING CW ULTRASOUND
213
INTRODUCTION
In this Chapter experiments investigating the use of CW ultra­
sound to detect disturbances of flow both in a laboratory model 
and in arteries are described. A model was used because the 
model could be insonated at a particular site under known con­
ditions of flow and furthermore these conditions could be made 
similar (although not identical) to those in the carotid 
arteries. In the model disturbances were created by destabi­
lizing flow in the section from which ultrasound signals were 
recorded.
Spectral analysis of ultrasound signals (eg Figure 6) shows the 
intensity of each frequency as a coloured dot. In Figure 6 
frequency is proportional to velocity and the intensity of each . 
frequency is proportional to the amount of red cells travelling 
at that velocity. In disturbances of flow the intensity/fre­
quency pattern may be disorganised and experiments were designed 
to see whether variations in the intensity/frequency pattern 
could be correlated with knovrn disturbances of flow.
Whilst it was relatively straight forward to create and demon­
strate (by an independent method) disturbances of steady flow 
in Experiment 5.1, it was more difficult to do so for oscillatory 
flow. Hence in Experiments 5.2.1 to 5.2.4 the effects on the
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maximum velocity of flow and ultrasound spectra due to altering 
the stability of oscillatory flow were investigated. Dis­
turbances of oscillatory flow were created by:-
(i) Increasing the frequency of oscillation (f), Experi­
ment 5*2.1
(ii) Increasing the mean velocity of flow (V), Experiment
5 .2.2
(iii) Increasing the internal diameter of the vessel (ID),
Experiment 5.2.3
and by
(iv) Inserting stenoses of different degrees in the test
section, Experiment 5*2.4
Finally in Experiment 5-3 ultrasound signals from both normal 
and diseased arteries were examined for disturbances of flow.
DEFINITIONS OF FLOWS AND STABILITY 
Laminar Flow
Laminar flow is where flow at one point correlates with that 
at every other point and sliding of fluid layers over one another 
occurs with no mixing other than molecular ie it is stream- 
line. W ,  118
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Turbulent Flow
Turbulence is when completely random motion of the individual 
fluid elements occurs.11? It should be self-preserving and propa­
gated distally ie not diminish with time.
A Vortex
A vortex (symonymous with ’eddy') is a fluid structure that 
possesses circular or swirling motion and is commonly seen distal 
to an obstruction. ^ 9  Attinger et al consider that vortices that 
are shed regularly and predictably eg from stenoses, are a variety 
of laminar flow.11? Their presence in the following experiments 
is considered to be an indication of a flow disturbance.
Stability of Flow and Disturbances
A stable flow is one which when disturbed will not undergo 
transition to a turbulent flow. Transition is the process a 
laminar flow undergoes to become turbulent thus transition is an 
entity and not a descriptive term in this context.11® ’120 A dis­
turbed flow is the transient response of a laminar flow to a source 
of instability which causes the flow to deviate from its stream­
line motion. It is not turbulent unless the disturbances are self 
perpetuating.11® Instability of a flow refers to the initiation 
of the growth of disturbances which result when a destabilizing 
force overbalances a stabilizing one.120 In oscillatory flow, 
flow is unstable if the disturbance undergoes a net growth in each 
period, stable if it decays continuously, and transiently stable 
if it grows for part of the cycle before decay.120
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THE RELATIONSHIP BETWEEN THE VELOCITY PROFILE AND THE CHARACTER 
OF A FLOW
In steady laminar flow the velocity profile across the lumen of 
a vessel should be a parabola (see Figure 67) and in turbulent 
steady flow the front of the profile becomes flatter as in Figure 68. 
The shape of the velocity profile is affected by the formation of 
a boundary layer at the vessel wall, the entrance length (see 
Page 22;$ , and the geometry of the vessel.121 With a fully 
developed parabolic flow profile the ratio of the maximum to the 
mean velocity is 2 and with the flat profile seen in turbulent 
flow it decreases to almost one.122
A technique which demonstrated the velocity profile might enable 
the identification of flow disturbances. It was considered that 
CW ultrasound with its ability to demonstrate all the intraluminal 
velocities (because of its beamwidth) might achieve this.
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METHODS
THE MODEL
The model (see Figures 45 and 46) consisted of a constant head 
tank, reservoir, Scotch Yoke assembly, roller pump and water 
tank described in Chapter 3 and graded stenoses were introduced 
in the manner described in Chapter 4. There were some additional 
features:-
The Medium and the Ultrasonic Scatterer
The medium used was water and the ultrasonic scatterer was one of
the following
(i) Fixed red cells prepared by the method described in
Appendix 3 and injected proximal to the test section by 
a constant infusion pump.
(ii) An emulsion of milk in water (40$).
(iii) An emulsion of silicone liquid in water (0.5$ silicone
fluid MS200/3 cs).
The viscosities of the different emulsions used in this thesis 
were determined using the method of Humphreys and are shown in 
Table 5 5 . Problems encountered with their use are described 
in Appendix 3.
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A diagram of the model used in Chapter 5
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FIGURE 46
The apparatus used in the model
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The Dye
A concentration of Biebrich scarlet of 10 g/1 in water (injected 
proximal to the test section through a 25 gauge needle using the 
constant infusion pump) was used to demonstrate the character of 
the flow in the test section. Problems encountered in its usage 
are discussed in Appendix 4.
The Gas Bomb (see Figure 47)
To obtain velocities of flow higher than those obtainable using 
the roller pump and constant head tank, a gas bomb filled with 
the medium and connected to a cylinder containing air under pressure 
was introduced into the circuit. Pressures of between one and 5 
atmospheres were used and when the gas bomb was in use the roller 
pump and constant head tank were excluded from the circuit.
The Tubing
The tubing used in all the experiments in this Chapter save 
Experiment 5.4 was made of silastic and it had an internal dia­
meter of 0.65 cm . In Experiment 5.4 polyethylene tubing of 
internal diameter 1.5 cm was used in order to obtain values of 
cx greater than 10. Using a medium of silicone in water in the 
silastic tubing to obtain a value ofoc greater than 10 would have 
required a frequency of oscillation greater than 568 cycles/min 
which was beyond the capability of the Scotch Yoke. (The use of 
Dextran 40 would have aggravated the problem ie f = 2611 cycles/min 
for oC = 10).
FIGURE 47
The gas bomb, constant head tank, roller pump and Scotch Yoke 
assembly.
Silastic tubing is elastic and the Young's modulus of the tubing 
used in this experiment was 20.94 x 10^ Nm-2 which is of the same 
order as the value for the carotid artery (7.5 x 105 N m - 2 ).1 2 ^
The tubing was divided into an entrance length, a test section and an 
exit length. The entrance length is the distance required for a 
fully developed parabolic flow profile to become established and 
is given by:-
(0.2 x ID2 x V max)/(4 x-vO
where-v is the kinematic viscosity of the medium and ID is the 
internal diameter of the vessel.12** It was calculated that an 
entrance length of 2.5 m was necessary.
The test section ran through the water tank and the tubing was 
either continuous or divided in the test section to include a 
stenosis. A total length of 6 m of tubing was used with an exit 
length of 3.5 m.
The Ultrasound Instruments
The ultrasound was emitted from either the 4 or 5 MHz probe of 
Vasoscan held in a clamp at an angle of 45° to the test section 
of tubing. The use of the 8 MHz probe allowed double the amplitude 
of display compared with the 4 MHz probe. The intensities of the 
emitted ultrasound beam at different distances from both the 4 MHz 
and 8 MHz transducers were determined and it was found that the 
beam was able to sample the whole lumen of the tubing of internal
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diameter O .65 cm . The received signals were analysed both by 
Vasoscan and a sonagraph (Sona-graph, Kay Instrument, USA). The 
sonagraph (see Figure 48).is a spectrum analyser with the facility 
of 2 varieties of display.
(i) A ;6£l display is a 3 dimensional overall picture of the 
signal with frequency, intensity and time all displayed 
simultaneously as with a Vasoscan display (see Figure 65)
(ii) A ££2 display permits the individual intensity of each 
frequency component to be displayed at any preselected 
point in time on a -££L display (see Figure 66).
A Tape Recorder
Doppler shifted ultrasound signals were recorded by means of a 
cable connecting an output terminal on the rear of the Vasoscan 
with the input terminal of a stereo cassette recorder (Sony).
The connection permitted the recording of velocities moving away 
from the ultrasound probe only and those signals were subsequently 
re recorded from the tape recorder onto the Sonagraph.
MATCHING THE MODEL WITH THE CAROTID ARTERIES
To obtain a haemodynamic similarity values for the Reynolds and 
Strouhal numbers and oi in the model were matched with those cal­
culated for the carotid arteries.
The Sonagraph
FIGURE 48
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Reynolds number (Re) is a dimensionless quantity calculated from 
Equation 5.1 and the critical Reynolds number (Re crit) specifies 
the conditions under which it is impossible to introduce turbulence 
in a flow channel. It is calculated from the following equation
Re = (V.ID)/v Equation 5.1
where V  is the kinematic viscosity.
The Strouhal number (Str), another dimensionless number, takes 
into account the period of oscillatory flow and it determines the 
time available for vortex formation to occur. It is calculated 
from the following equation
Str = (f*R)/V Equation 5.2
where R is the internal radius of the vessel and f is the frequency
of oscillation.
oc, a third dimensionless number derived by Womersley characterizes 
kinematic similarities of oscillatory flows and takes into account 
both of the previous 2 n u m b e r s . it is calculated from 
Equation 5.3:-
Q< = R(f/v)^ Equation 5.3
Another variable of interest is X  which represents the ratio of
the unsteady and steady velocity components of flow and is im­
portant in the distribution flow into b r a n c h e s . ,127 Most
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importantly it takes into account the acceleration and deceleration 
of the flow when the frequency of oscillation is known. Simply 
matching values of Re and (X  in the model with those of the carotid 
arteries does not take into account flow acceleration or de- 
celeration although the use of Re andcx will to some extent com­
pensate (Re refers to the Reynolds number calculated using V and 
Re that calculated using V max).
Values for Re, Str and OC were calculated in the common, internal 
and external carotid arteries (see Table 56). In the case of Re, 
values were calculated using both V and V max at peak systole.
The mean velocity of flow was calculated from:-
V = Q/A
where Q is the volume flow (200 ml/min in the carotid arteries) 
and A is the area derived from reported values of the internal 
diameter of each artery (see Table 56).128,129 values of V max
A
used to calculate Re were 127 cm/sec in the common carotid artery 
and 77 cm/sec in the internal carotid artery.102 The kinematic 
viscosity (V) is calculated from:-
v  = /^p
whereyD refers to the density of blood (1.05 - 1.055 g/ml) and 
its viscosity.122 Two values for V  were used because the viscosity 
of blood varies with the shear rate. Humphreys measured the 
asymptotic viscosity in our laboratory and found it to be 3.6 cp
228
TABLE 56 Values for the Reynolds and Strouhal Numbers and
OC Calculated for the Carotid Arteries
CCA ICA ECA
ID (cm) 0.8 0.57 0.55
Area (cm2) 0.503 0.255 0.238
V (cm/sec) 6.63 13.07 14
Re (calculated using V and 
*Y = 3*4 cs) 1.56 219 226
Re (calculated using V and 
V  = 11.7 cs) 45 64 66
Re (calculated using V max 
and <V  = 3.4 cs) 2988 1291 -
Re (calculated using V max 
and V.= 11.7 cs) 150 117 -
Str (calculated using V 
and f = 72 cycles/min) 0.072 0.026 0.024
Str (calculated using V 
and f = 120 cycles/min) 0.121 0.044 0.039
c<(calculated usingW  = 3*4 cs 2.38 1.69 1.63
and f = 72 cycles/min)
—  Pcs = stokes x 10 ^
229
for a shear rate greater than 100/sec when blood behaves as a 
Newtonian f l u i d . S t r a n d n e s s  reported a value of 12.3 cp for 
a mean shear rate of 5 - 8/ s e c . values fornr\ of 3-6 and 12.3 cp 
gave values for V  of 3.4 x 10-2 stokes and 11.7 x 10-2 stokes 
respectively.
Table 57 shows the velocities of different mediums in the test 
circuit of the silastic tubing necessary to approximate the haemo- 
dynamic conditions in the carotid arteries. In the case of V max, 
the volume flow (Q) is not able to be directly calculated there­
fore .^F max is shown with the corresponding value of V max in 
brackets. With regard to the Strouhal number, values of frequency 
are shown and using those values of frequency and V resulted in 
a match for o<.
METHOD OF EXAMINATION OF PATIENTS
The arteries of patients were examined using the 4 MHz probe of 
Vasoscan in the case of the carotid, femoral and subclavian arteries 
and the 8 MHz probe in the case of the radial and tibial arteries. 
Signals were recorded onto the Sonagraph via the tape recorder 
in the same manner as the model experiments.
METHODS OF SIGNAL RECORDING AND ANALYSIS
(a) Vasoscan:- This instrument has been described in Chapter 1.
(b) Sonagraph:- A signal was recorded from the stereo cassette
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recorder onto the drum of the sonagraph setting the record level 
to plus 2 or 3 on the VU meter for signal peaks. A frequency 
scale marked in intervals of 0.5 KHz was recorded onto the end 
of the signal. To reproduce a display the reproduce level 
was set at minus 2 or 3 on the VU meter and 3 seconds of information 
were recorded by a stylus marking a sheet of paper attached to 
the drum. To reproduce a Jzt2 display involved the use of micro­
meter plate on the top of the drum. This was divided into 40 holes 
each 40 msec apart and each hole had 5 divisions thus sections 
at 8 msec intervals could be obtained. To obtain a ±±2 display 
a special pin was inserted into a hole with the micrometer plate 
positioned as desired and when the drum rotated a switch was 
activated causing the stylus to mark the paper.
For each ultrasound spectrum in Experiments 5.1 to 5-3 there were 
3 varieties of display:-
(i) A Vasoscan display
(ii) A Sonagraph display
(iii) Sonagraph ££2 displays
The overall character of each display was examined eg the presence 
of a spectral window in oscillatory flow or irregularities of the 
maximum frequency envelope of the Vasoscan or Sonagraph ££l dis­
plays. For steady flow ££2 displays were recorded at 8 msec
23 2
intervals and for oscillatory flow at between 8 and 40 msec 
intervals through the acceleration, peak and deceleration phases 
of systole and at 120 msec intervals in diastole (if applicable). 
In Experiment 5-1 ££2 displays were examined using a technique 
described in that experiment.
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EXPERIMENTS
EXPERIMENT 5.1 The Characterization of Disturbances of Steady 
Flow in a Model Using CW Ultrasound
Methods
Two methods were used to create the necessary instability of flow.
Method I :- The critical Reynolds number was found to be approxi­
mately 1700 in the model by steadily increasing the mean velocity 
in the test section (see Appendix 5). Ultrasound signals were 
recorded for values of Re up to 215 under conditions of laminar 
flow, Re between 585 and 8^5 a period during which disturbances 
of flow were visualised using dye, and Re between 2210-3575 for 
conditions of turbulence.
Method II:- 2 mm and 5 mm stenoses were introduced in turn into 
the test section and ultrasound signals were recorded from sites 
both proximal and distal to the stenosis. Flow proximal to each 
stenosis was laminar with Reynolds numbers of 228 and 260 for each 
stenosis respectively.
Disturbances of flow were demonstrated independently for both 
methods using dye.
The Analysis of Certain -££2 Displays
Certain Sonagraph ££2 displays obtained by Method I were photo­
graphed and enlarged by a factor of 3. The displays photographed
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were 6 ££2 displays for each of 2 signals taken from laminar flow 
and 6 ££2 displays from a single signal from turbulent flow.
The 6 displays were recorded each 8 msec apart. The photographs 
were pinned to a board and divided into 0.17 KHz frequency bands. 
The area of the intensity of each frequency band was measured 
using a planimeter (Numonics).
(a) For each signal the coefficient of variation (CV) of the
area of each frequency band of the 6 ££2 displays was cal­
culated from the mean and its standard deviation. This gave 
the variation of the intensity of each frequency band with 
time.
(b) For each signal the coefficient of variation of the areas
of all the frequency bands for each of the 6 sections was
calculated. This gave the variation of the intensities of 
the frequency bands within a single spectral section.
For analyses (a) and (b) Student’s t test was performed on un­
paired values of the mean coefficients of variation of both a 
laminar and a turbulent signal.
EXPERIMENT 5.2 The Ability of CW Ultrasound to Detect Changes 
in the Character of Oscillatory Flow in a Model
EXPERIMENT 5.2.1 The Effect of an Increase in the Frequency of
Oscillation
23 5
Methods
In this experiment the frequency of oscillation was increased 
from 18 to 160 cycles/min* whilst the mean velocity of flow was 
kept constant at 6 cm/sec (Re was 392). Ultrasound signals were 
recorded from the test section at each frequency. max (steady)
ie the maximum frequency of the steady component of flow alone, 
was 1.0 KHs. Values o f a F  max (osc), ie the maximum frequency 
detected when oscillations were superimposed on the steady flow, 
for each frequency were measured and values of ex , A and Re were 
calculated. A was calculated from Equation 5.4:-
A = [*F max (osc)/bkF max (steady)] - 1 Equation 5.4
Values of frequency were compared with those of A;F max (osc) and 
X , and the ultrasound signals were examined.
EXPERIMENT 5.2.2 The Effect of an Increase in the Mean Velocity
of Flow
In this experiment the mean velocity of flow in the test section 
was increased from 1.4 cm/sec to 72 cm/sec in increments and 
values o f a F max were measured from ultrasound signals for each
value of V under conditions of both steady and oscillatory flow.
The experiment was performed at 2 frequencies of oscillation, 67 
and 72 cycles/min. Values ofoc , A and Re were calculated and V 
was compared with ^ F  max (steady) and^F max (osc). Finally the
*Values for frequency are given in cycles/min rather than Hz to 
facilitate a comparison with heart rate.
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ultrasound signals were examined.
EXPERIMENT 5-2.3 The Effect' of an Increase in the Diameter of
the Vessel
Methods
In this experiment the silastic tubing was substituted for poly­
ethylene tubing of 1.5 cm. internal diameter in order to obtain 
values of c< greater than 10. Signals were recorded when the 
ultrasound probe was positioned frist over the centre of the tube 
and then over the side of the tube as the beam did not include 
velocity information from the whole lumen. However in each position 
the signal included information from both walls and the centre of 
part of the lumen. The mean velocity was 1.22 cm/sec (Re = 92) 
and ultrasound signals were examined for f = 110 cycles/min,
£X = 10.16; f = .168 cycles/min,CX = 12.6; and f = 307 cycles/min,
(X = 17. For each signal Str was greater than one and very much 
greater than one.
EXPERIMENT 5.2.4. The Effect of Introducing a Stenosis 
Methods
In this experiment 2 mm and 5 mm stenoses were introduced in turn 
into the test section and ultrasound signals were recorded from 
sites both proximal and distal to the stenosis. The flow conditions 
proximal to the stenosis approximated those in the carotid arteries : 
V was 2 cm/sec, Str was 0.121 for f = 45 cycles/min, oc was 2.8,
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Re was 118 (proximal to either stenosis) and Re was estimated to
be 1105 immediately distal to the 5 mm stenosis and 2730 immediately
distal to the 2 mm stenosis.
EXPERIMENT 5♦3 The Detection of Disturbances of Flow in Arteries 
Using CW Ultrasound
Methods
Ultrasound signals were recorded from:-
(i) The internal, external and common carotid, subclavian, 
femoral, radial and tibial arteries of 3 asymptomatic 
volunteers all aged 20 years
(ii) The internal and common carotid arteries of 2 patients 
with a stenosis' demonstrated on arteriograms at the carotid 
bifurcation.
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RESULTS
EXPERIMENT 5«1 The Characterization of Disturbances of Steady 
Plow in a Model Using CW Ultrasound
Method I :- The maximum frequency envelope of the Vasoscan and 
££l displays were regular for conditions of laminar flow eg 
Figures 49 and 50. Irregularities appeared when flow was dis- . 
turbed (demonstrated by dye) and became more distinct once turbu­
lence ensued eg Figures 49 and 51. With regard to the ££2 displays 
the results of analysis (a) are given in Tables 58 to 60. The 
mean coefficient of variation for turbulent flow was found to be 
10.8 compared with 4.4-5.2 for laminar flow ie it was twice as 
variable. A p value of 0.0275 (significant) was obtained for 
Student's t test between signal 2 (laminar) and signal 3 (turbu­
lent). The results of analysis (b) are given in Table 61. Again 
the coefficient of variation for laminar flow was 5.2 whereas for 
turbulent flow it was 24 (p < 0.001). The character of the ££2 
spectra was quite different depending on the type of flow : it 
was virtually flat for laminar flow (see Figure 50) whereas turbu­
lent 7t£2 spectra had a 'waisted' appearance (see Figure 52).
Method II:- Irregularities appeared in the maximum frequency 
envelope immediately proximal and distal to a stenosis. Where 
vortices were demonstrated by dye eg distal to a stenosis retro­
grade flow was clearly seen on ultrasound spectra (see Figure 53).
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FIGURE 49
Vasoscan displays - Experiment 5.2.1, Method I
(a) laminar flow
(b) disturbed flow
(c) and (d) turbulent flow
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FIGURE 53
Vasoscan displays - Experiment 5.2.1, steady flow through a 2 mm 
stenosis.
(a) 6 cm proximal to stenosis
(b) o cm proximal to stenosis
(c) < 1 cm distal to stenosis
(d) 2 cm distal to stenosis
(e) 6 cm distal to stenosis
KH;
i
I
Oi
GRIN 35
MftXfi
ii hf i.*i 'Wf ft* V's/n*^* #•• w * "  * "s • Mflxo
RP
SB
! I »y« TIME S
V  8 MHz DOPPLER MRP LRT
+
KHz
KHz
PI
95 51 am 4 R H L
X02
VS 1
“7,6 
JO ,8
EXPT 
__! •
KH;
No FNOOOOO C O
II 1 L
i »* ' ' QfilN 35
.
Ck!! * J>"8 TIME S
8 MHz DOPPLER MRP LRT•H + X02
KHz V8i
KHz
PI
■7j6
;o,s
95 53 am 4 R H L
FNOOOOO
’» GRIN 35 DOPPLER MRP LRT
TIME S
EXPT
51
KHz
No FNOOOOO C O
Ok Vi TIME S 5.0
GRIN 35 V  8 MHz DOPPLER MRP LRTH +
MRXR KHz
MftXD KHz
RP PI
SB y.
OH/10/83 95 55 am 4 R H L
X02 
VS 1
50,8
T
A
BL
E 
58
 
Th
e 
Va
ri
at
io
n 
of
 
In
te
ns
it
y 
wi
th
 
Ti
me
 
in 
Si
gn
al
s 
of
 
La
mi
na
r 
F
l
o
w
2 44--
>
o
r—  cm cr in in cr
cn cr cm c—  po i—1 cr
cm M  l
C\J cr 
inin n
OJ
G
Q G 
c/2 '
r-- in 
CM M3 CO CD CO VO
c—
CM
CO
CO
I
pn
ra
n
Coj
03
co in in 
in cm co l
C CM 
rt G
(12 e  
g I M
H  3- O  Oc CM 
m  cr cn co pn 
r o  m  r o  o n  c m
02
>
<
O  C M  c o  
P O  o c  N  
cm -=r pn 1
co
ctc c—  in co ri ino\ -=r cn cr. 00 M
I pn m  cm po cm l
O  r-l cr 
i n  00 c r  
m  cr cr
in o  cr in co
cr -=r m  co oc
pn pn on pn m  I
cc 1—  co 
cn in cr 
cm -=r oc I
cn cm co co co M
cm in cn cm m  m
M  cn pn cn m  cm l
pn co c—  
cn c— co 
cm cr p o !
cm o  
G g  
G
3 CS O 
02 nj <
Sit
cr co co m  co co
o  m  cr cn in co
H  m  m  p o  m  cm l
co M  cn 
OC M  CO 
M  in cn
cm oc in oc co p~
in t—  in co co in
I m  cn cn cn cn cm l
o cc 00 
cr cm co 
cm in cn
cr oc cm oc co in
cn cr in cn co cm
M  cn pn cn cn cm I
cm in 00
CM OC CO
cn cr cm I
>j0 
c 02 
3
01
02 
U fc c o t ' - c o i n c r c n c M H cr PO CM ri
TA
BL
E 
59
 
Th
e 
Va
ri
at
io
n 
of
 
In
te
ns
it
y 
wi
th
 
Ti
me
 
in 
a 
Si
gn
al
 
oT
 
Tu
rb
ul
en
t 
F
l
o
w
24 5
CM
E
D  E
CQ
C  CM
co E 
CD E 
S
—> o 
cm 2; j 
E
E -P 3 
a
co
CD CM
5 % .
>J
o
c
a)
3cr •o 
CD c 
fs rt o 
6, CQ 2;
o rH on in
CM CO H  ri H
CO CO On VO O  
cm on in co
O n -a- vo h  co
CO rH CO CM
rH
33"
cn
o  co in 
33- vo co
H  rl H
•3- VO VO VO OV
3 - -3- lO CD
rl H  H  rH
VO CM CO CO t—  rH
rH CO 33" CO 33- CO
i— I rH i— I rH
CO in CM t—  O
4- 3- tO VO OO 
rH rH rH
CO O  ON VO in CM 
CM VO CM CM CO 
rH rH rH
CO 33- 
CO f—
CM CM CO 
CM CO ON 
rH rH rH
H  CO in in VO
CO CM 33- rH rH
I rH rH CM CM
ri O  O n CO t—  VO 
33- 33- CO CO CO CO
CM CO VO in in O n ON
in 33- 0 C— in ro ON t--
rH VO 33-
CO vo CM VO O n CM ro in rH ON
00 CO rH 33- 00 in CO in CO ON
• • • • • • • • • •
CM o in ON in 33- ON 0 33- 00
rH rH CM rH rH rH rH CM rH
in CO 0 in 33- 33- 00 rH in O
33- in in in VO VO t>- VO 3T 33-
CM CM CM CM CM CM CM CM CM CM
C~- VO 33- rH in CO CM ON CO
CO CO m CO vo in C— VO t- CM
CM CM CM CM CM CM CM CM CM CM
ON in ON 33- rH 0 3T [— rH in
CO 33- H co t" 00 CO in vo CM
CM CM CM CM CM CM CM CM CM CM
00 ON in 33- rH 0 CM 00 VO CO
in in in VO ON VO >- in CO 3)-
CM CM CM CM CM CM CM CM CM CM
vo CO CO CO in CM 0 CO C--
CM in O n in in CO 00 00 33- in
CM CM CM CM CM CM CM CM CM CM
O f- 33- ON 0 33- rH 0 0 rH 3T
in in in t"- in in ON 33- 3T VO
CM CM CM CM CM CM CM CM CM CM
CO VO CO ON rH CO CO rH C— rH
in VO 33- VO in in vo VO O CM
CM CM CM CM CM CM CM CM CM CM
in 33- CO CM rH 0 ON CO C - VO
CO co CO CO CO ro CM CM CM CM
-P
C
ro oj 
rH
rH 3  CJ 03 
C U  
bO 3  •H E-t
cn
TA
BL
E 
59
 
(C
ON
TD
) 
Th
e 
Va
ri
at
io
n 
of
 
In
te
ns
it
y 
wi
th
 
Ti
me
 
in
 
a 
Si
gn
al
 
of
 
Tu
rb
ul
en
t 
F
l
o
w
24 6
OJ
E
Q E
00
C  oj 
rt E 
<D E 
S
o
cm 2; -=r 
E 
E -P P 
o
o3
a) cm 
< ft-
>>
o
c
a)
O T3 
<D C  
P Rj
fc m
co co oo -=r 
m  oo cm vo o
•=r .=3- m  m  
CO O MX )  co \o
CM On -=r CM ov 
H  rH CM H  rH
m  oo -=r cm m
■=r CM Ov O  OV
CM CM rH CM rH
LTV rH O -=T C'-
ro m  n o o  co
OJ OJ rH $H iH
m  -=3- On -3- OO
3f rl CO O  HCM OJ rH 0J CM
N  rl 03 10 3-
OO o  00 O  tH
CM CM ri CM PO
cr\ m  cm co Ov
■=r m  o n rH oCM CM rH CM OJ
m  m  cm on on
CO 3  H  CO C—  
CM CM CM rH rH
ON CM OO O COCM CM OO iH MO0J CM CM OJ rH
1 0 3  CO CM HCM CM OJ 0J CJ
O . m O O ■=r C O O v
oo o vo CM 1— 1 r o V O O r H
tH t H t H t H r H CM t H
OJ co co C O •=r m 3 T C M CO
1— 1 oo CSV0- t H CO t H ■=r r H o
m t— 1—1 C M t—1 •=r rHCO C M mrH rH rH CM CM CM t H tH CO CM
O rH OV t H rH V O O V VO voC— O- CO co O V 00 t"- V O m ■s-rH rH r H rH rH t H rH rH tH rH
O V O VO tH 00 OV CO CM CM t"-t— O VO ■=t O O VO C— tv- C— 00rH C M I— 1 t H rH t H rH t H t— 1 r H
CO -=T t H ■=t O O O OV■3" m -=r
m 0- Ov O O OV m V O CO C M
r H r H rH CM C M rH rH rH t— i t H
V O M O C— O J C M C - V O 00 C M
\o V O OV C O t—1 O C- CO C— ■=J-rH rH t H tH C M CM t H rH rH t H
O O t~ - t H r H CO CM O m O vO V O O V O N O OV O v OV t— CO
C M r H t—1 t H C M t H rH t H rH t H
rH O V O O 00 ■=3" ■=r CM m rH
V O V O OO O t— 00 t-~LTVrH C M
' i—1 H rH C M rH r H rH t H rH t H
m tH VO C O V O OV ■=r irv -=r C O
V O V O O V CO LTV CO00 t H V OrH rH t H t—i t H rH t H rH rH t H
O OV00 0- V O irv ■=r C O CM rH
C M i— 1 t H t— 1 t— 1 t H t H tH t H t H
-P
C
oo <u
rH 
iH O 
Rj JQ 
C U 
tO P 
•H E-f 
W
TA
BL
E 
59
 
(C
ON
TD
) 
Th
e 
Va
ri
at
io
n 
of
 
In
te
ns
it
y 
wi
th
 
Ti
me
 
in
 
a 
Si
gn
al
 
of
 
Tu
rb
ul
en
t 
F
l
o
w
247
CM
E
Q  E 
C/D
CCM 
3 E 0) E
—  O 
CM 2  -=r 
E
E -P 
3  O
3<U CM
oo
o
c<U
3
O' TO
vo o- -=r r—  ov H i—I H
VO i—Ivo on cr rH oo
r—I 00 CM OV VO rri CM CM 00 CM
c3- OO rH t—  OV 
I—  VO VO OJ vo 
ri H  rl CM OJ
OO CM irv CM CMt— cm Ov cr cri—I i—I i—I CM CM
C— CM O OO O VO VO VO LTV VO rri i—I i—I CM CM
CO CO OO VD ri f— OO [— LTV OO 
ri ri ri CM CM
O cj- CM cr CM
oo ov vo cr orri rri rri CM OO
C— LTV OO O OV m OO CM rri OO i—I ri ri CM CM
rri OV O cr 0-
ov n  in in cn
rri rri rri rri CM
CQ
O Ov CO rri
t—  co co vo
rri CM
CO CO LTV VD ■=3" i—I i—I CM
OO
cr vo oo 
00 CM VO oo CM CM rri OV
OO VO CM VOrri OO 0— CMOO CM rri rri I
LCV OO 00 rri
rri OO VO OOO CM rri rri I
rri CM OO CM 
CM OO VO 00 OO CM rri I
OV CM 00 cr 
Ov oo t— Ov CM CM rri I
VO OO VO OVUO OO CO CMCM CM rri rri I
C- OV CM rri
ov co cr vorri rri rri I
in cr OO CM rri
■P
COO 0) 
rri rri 3
3 O) 
C U  
bO 3  •H E-< C/D
2k 8
p
c
0
r—i
3
P
g
3
Eh
>
O
c CM r^ co O
o3 • • • •
0 LPi -=r o o
g iH rH
X> -—-
c
03
G >
o3 O
G
•H Cm
B O in
OS • o rH
P 0 c - on CM
bO 1 1 1
Cm G CM ■3" in in
O 03 • • * •
PC Lf\ OJ on on
OS
c
bO
•H
CO
c
•H
0
E
•H
Eh
p
p
•H
£
> 5P
•H
m
C
0
p
G
Cm
O
G
O
•H
P
03
•H
G
oJ
>
0
P
Eh
C
O
•H
P
03
•H
G
03
>
CG
O
co
p
G
0
•H
O
•H
Ch
<H
0o
O
G
03
0
g
0
P
Eh
CO
T3
C
03
P
Cm
O
CO
TJ
C
G
PQ
> 5
o
G
0
3
cr
0
G
El,
C—
00
rH
on
VO
I
m
Ov
on
I
on
CO
on
I
CO
O ,— .
vo -—- —^. PQ PQ
rH g g K PC
W 03 < < P P
P C P P EH Eh
PQ bO '— — -— 1— •
< •H
Eh CO rH CM on on
249
TABLE 61 The Variation of the Intensities of the Frequency 
Bands within each Spectral Section
Signal 2 (LAM)
Data from frequency hands 3-6 included (n = 4)
■££2 Display The Mean Intensity SD (mm2) CV (%)
(Section No) (Expressed as mm2)
6 3^0 35.1 10.3
5 341 20.99 6.2
4 343 13-98 4.1
3 343 11.3 3.3
2 373 14.15 3.8
1 352 11.15 3.2
Mean 5-2
Signal 3 (TURB)
Data from frequency bands 3-39 included (n = 37)
i=t2 Display The Mean Intensity SD (mm2) CV
(Section No) (Expressed as mm2)
6 205 45.1 22
5 206 47.5 23
4 213 47 22
3 212 55.2 26
2 203 54.2 27
1 197 44.5 23
Mean 24
Reverse flow of lesser degree was also seen immediately proximal 
to a stenosis at a site where dye was seen to travel back from 
the front of a stenosis. Whilst a flat spectrum was seen in
the laminar flow proximal to a stenosis the character of the £t2 
spectra sampled from the turbulence distal to a 2 mm stenosis did 
not have the 'waisted' appearance seen in Method I. Disturbances 
of flow were represented on ££2- displays by high frequencies of 
low intensity. Flow through the 5 mm stenosis was streamline 
(when dye was injected) but both a small disturbance of the maximum 
frequency envelope and retrograde flow were seen on signals re­
corded immediately proximal to the stenosis.
EXPERIMENT 5.2 The Ability of CW Ultrasound to Detect Changes 
in the Character of Oscillatory Flow in a Model
EXPERIMENT 5.2.1 The Effect of an Increase in the Frequency of 
Oscillation
Although Re was 392, values of ^e of up to 9000 were obtained.
These values of Re were greater than those at which the onset of 
turbulence could be predicted.
a .F max (osc) increased with frequency (see Table 62) but there 
was no evidence of any change in their relationship at high values 
of frequency nor between frequency and X  when X  changed from values 
less than one to values higher than one (see Figure 54).
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TABLE 62 Experiment 5.2.1 The Effect of an Increase in 
the Frequency of Oscillation
Frequency 
(cycles/min)
AF max (osc) 
(KHz)
A <X
/s
Re
18 1.0 0 1.8 715
24 I-2 0.2 2.1 850
28 1.4 0.4 2.2 992
34 1.4 0.4 ’’2.4 992
67 4.0 3 3.4 2834
79 4.2 3.2 3.7 • 2976
114 5.6 4.6 4.5 3968
140 8.5 7.5 5.0 6022
160 12.6 11.6 5.3 8927
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FIGURE 5^
The relatioship between &F max and frequency - Experiment 5.2.1
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A spectral window was present and there was no evidence of any 
irregularity in the maximum frequency envelope of the Vasoscan 
displays for any value of frequency (see Figure 55). However the 
Sonagraph ££l displays exhibited irregularities both in acceleration 
and deceleration at high values of frequency (see Figure 56).
In the case of -££2 displays ’waisted* spectra were seen from the 
earliest phase of acceleration and continued to peak "systole" 
or early deceleration for all values of frequency (see Figure 57).
EXPERIMENT 5.2.2 The Effect of an Increase in the Mean Velocity
of Flow
Table 63 gives the values of <2wF max (osc), &.F max (steady), Re,
Re,(X and X  for both values of frequency. Figures 58 and 59 plot 
the values of V against those o f ^ F  max (steady) and a F max (osc). 
Values of both Re and Re greater than those at which the onset of 
turbulence could be predicted were obtained.
When the steady component of flow was in the laminar range X  was 
always greater than one and when the steady component of flow 
entered the turbulent range X  was less than one. As V increased 
&F max (osc) increased virtually step by step with ^F max (steady).
As in Experiment 5*2.1 a spectral window was present and there 
were no irregularities of the maximum frequency envelope of any 
of the Vasoscan displays (see Figure 60).
25 ^
EKPT
,0
KHi
No FN00000
(CK)
w
££ SflIN 35 %/ 8 MHz
i HfiXfi 3.9 KHz
. a 1 ■ h khz
• - . J&rWfo ■ ■# RP 0.63 PI 7.7
SB 37 •<
TIME S 3*° 02/10/83 U 3 9  pm
DOPPLER MAP LRT
+
M R
i
H L
<7.6
10.8
FN00000
TIME S
GRIN 35 V  8 MHz DOPPLER MAP LRTH +•
MfiXA 5.2 KHz
MRXD 0.0 KHz
RP 1.00 PI 6.9
SB 28 X
02/10/83 1:46 pm 4 R
X
■m
“7.6
■0,8
EXPT No FN0G0G0
KH.
3.0TIME
C O
GRIN 35 V  8 MHz DOPPLER MRP LRT
+■
MRXR 7.3 KHz
MRXD 1.2 KHz
RP 0.83 PI 4.1
SB 23 Jj
02/10/83 1:47 pm H R H L
X02
Y81
v,6 
!0,8
25 ^
FHO0000
GRIN 35 DOPPLER NRF’ LRT
{ m mi MRXD
FIGURE 55
Vasoscan displays - Experiment 5-2.1
(a) Re = 2834
(b) Re = 3968
(c) Re = 6022
NB The biphasic waveform on these and other displays is referred 
to in the discussion
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The relationship between V, ,^F max (osc) and ^ F  max (steady) 
for f = 72 cycles/min - Experiment 5.2.2
© © = ^F max (steady) 
x x = c±F max (osc)
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The relationship between V, max (osc) and max (steady) 
for f = 67 cycles/min - Experiment 5.2.2
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Vasoscan displays - Experiment 5.2.2
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TABLE 63 Experiment 5.2.2 The Effect of an' Increase in the 
Mean Velocity of Plow
Experiment (i) f = 72 cycles/min, OC = 3.27
V Re A.F max (steady)
A
Re A.F max (osc) A Str
(cm/sec) (KHz) (KHz)
0 3344 5.2
1.4 83 0.3 2379 3.7 11 0.257
2.5 148 0.5 - 2315 3.6 6 0.144
4.8 284 0.8 2251 3.5 3.4 0.075
6.4 378 1.1 2251 3.5 2.2 O.O56
11.2 662 1.9 2444 3.8 1.0 0.032
15 887 2.6 2958 4.6 0.8 0.024
16 946 2.5 4309 6.7 1.7 .0.022
16.6 981 2.7 3023 4.7 0.7 0.022
18 1064 2.8 4180 6.5 1.3 0.020
22 1300 3.4 4502 7.0 1.1 0.016
24 1418 3.6 4502 7.0 0.9 0.015
26 1537 4.0 5016 7.8 1.0 0.014
30 1773 4.2 5209 8.1 0.9 0.012
36 2128 5.0 5595 8.7 0.7 0.010
57 3369 7.1 6817 10.6 0.5 0.006
Experiment (ii) f = 67 cycles/min, = 3.39
V Re a F max (steady) Re a .F max (osc) A  Str
(cm/sec) 
4.6 272
(KHz)
1.0 2187
(KHz)
3.4 2.4 0.085
9.8 580 1.7 2508 3.9 1.3 0.039
17.5 1034 2.8 2891 4.9 0.8 0.022
20 1182 3.2 3923 6.1 0.9 0.020
26.4 1560 4.1 4566 7.1 0.7 0.015
28 1654 4.6 4309 6.7 0.5 0.014
51 3014 6.0 5664 9.6 0.6 0.008
72 4255 7.8 6136 10.4 0.3 0.005
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EXPERIMENT 5.2.3 The Effect of an Increase in the Diameter of
the Vessel
The Vasoscan displays did not show any irregularity of the maximum 
frequency envelope and a clear window remained present (see 
Figure 61). High frequency "spikes" did appear at various times 
in the cycle of displays which may have been artefactual.
The displays did not have any characteristic appearance eg 
’waisting’.
EXPERIMENT 5.2.4 The Effect of Introducing a Stenosis
In the case of the 5 nim stenosis the Vasoscan displays showed a 
loss of part of the window although there were no irregularities 
of the maximum frequency envelope. A double wave was apparent : a 
wave of low amplitude appearing in the acceleration phase of the 
main flow wave.
In the case of the 2 mm stenosis the same double wave was seen 
and the relationship between them was changed immediately proximal 
to the stenosis (see Figure 62). Like the 5 mm stenosis the 
window was partly lost in the Vasoscan displays 6 cm:; proximal to 
the stenosis and at the stenosis it disappeared completely.
Marked irregularity of the maximum frequency envelope and retro­
grade flow were seen immediately proximal and distal to the 
stenosis before a return to previous appearances 6 cm.: distal to 
the stenosis.
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FIGURE 61
Vasoscan displays - Experiment 5.2.3
(a) CX = 12.55
(b) C* = 16.97
FIGURE 62
Vasoscan displays - Experiment 5.2.4, Oscillatory flow through 
a 2 mm stenosis
(a) 6 cm proximal to stenosis
(b) < 1 cm proximal to stenosis
(c) ( 1 cm distal to stenosis
(d) 4 cm distal to stenosis
(e) 6 cm distal to stenosis
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The ^ 2  displays demonstrated high frequency, low intensity 
disturbances but no characteristic pattern was seen.
EXPERIMENT 5.3 The Detection of Disturbances of Plow in Arteries 
Using CW Ultrasound
Normal Arteries:- The maximum frequency envelope of the Vasoscan 
displays was smooth in signals from all arteries and in most of 
the signals from the internal carotid artery, external carotid 
artery or common carotid artery a clear window was present in 
systole (of duration 30-80 msec, see Figure 63). In the carotid 
arteries in systole where no spectral window was present the ££2 
spectra were flat but where a window was present the spectra were 
'waisted' eg Figure 63. In diastole eg in the internal carotid 
artery the ^ 2  spectra were virtually always flat. In the limb 
arteries where no window was present the displays of the tibial 
and radialr. waveforms had no characteristic pattern. In the sub­
clavian and femoral arteries where the amplitude of the waveforms 
was higher than those of the tibial and radial arteries the 
spectra tended to be flat in the acceleration, peak and deceleration 
phases of systole (see Figure 64).
Diseased Arteries:- Examination of the Vasoscan and Sonagraph
displays demonstrated that the peak frequency rose, the window 
present during systole disappeared and the maximum frequency 
envelope was often irregular (see Figure 65). In the case of the
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■23*2 displays the amplitude of each frequency was much reduced but 
there was no characteristic pattern (see Figure 66).
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DISCUSSION
The application of the definitions quoted on Page 214 for laminar 
and turbulent flows to the human circulation is not straight 
forward. Reversal of flow occurs normally in many arteries with 
breakdown of the streamline pattern.11® The common usage of the 
term turbulence to describe disturbed flows at a stenosis is out- 
with its definition as although these disturbances are propagated 
downstream they do not undergo a net growth with each cardiac 
cycle nor are they self perpetuating. The distinction between 
these different types of flow is of some importance because in 
turbulence both pressure and velocity show a random variation 
with time resulting in energy dissipation from losses due to heat, 
friction, momentum and pressure.12®
Flow disturbances have been demonstrated in models using bire­
fringence techniques to demonstrate the flow patterns; dye; and 
hot film constant temperature or laser Doppler anamometers to 
demonstrate centre line velocities, turbulence spectra, the vari­
ability of velocity waveforms or the velocity spectra.11^ j11® »12® ’ 1®0“1®'^ 
The use of both PW and CW ultrasound to demonstrate flow distur­
bances is attractive because it is non invasive and does not 
involve the introduction of a needle or other device into.the 
lumen of a vessel which may be a source of disturbance to f lo w .13®>139
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The relationship between the velocity profile and the frequency/ 
intensity ultrasound spectrum can be deduced from theory. For a 
parabolic velocity profile eg Figure 67 (a) to give a flat fre­
quency/intensity spectrum eg Figure 67 (b) it has to be proven
that the annuli in Figure 67 (c) are equal in area. The definition
of parabolic flow (see Figure 67 [a]) is:-
Vr = V max (1 - [r2/a2]) Equation 5*5
Where r is the radius of any annulus and a is the radius of the
vessel.
Small step changes in velocity are related to changes of radius 
by the differentiation of Equation 5.5:-
dVp = - 2 V max (r/a2 ) dr
The area.'of each annulus (A) in Figure 67 (c) is:-
A = 2 r dr
A = Orf dVr a2 ) / (- V max)
But'tea2 (area of vessel lumen) and V max are constant . . A = K dVr
Therefore equal areas of annuli correspond to equal steps in 
velocity therefore the spectrum is flat. Wells points out that 
the ultrasonic beam width must be wider than the vessel lumen for 
a flat spectrum to be obtained from a parabolic flow profile.10^ ..
A flat velocity profile however gives a different frequency/inten­
sity spectrum. Figure 68 (a) shows the type of velocity profile seen 
in. turbulent steady flow. Ten velocity steps were drawn on the
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FIGURE 67
The relationship between the velocity profile and the frequency/ 
intensity spectrum. I A parabolic profile.
A parabolic velocity profile (a), divided into equal increments (c) 
and a flat frequency/intensity ultrasound spectrum (b), (see text).
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FIGURE 68
The relationship between the velocity profile and the frequency/ 
intensity spectrum. II. A flat profile.
(a) a flat velocity profile
(b) the frequency/intensity spectrum predicted from theory
(c) an estimate of the effect of turbulence and divergence of the 
ultrasound beam on the spectrum
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profile and perpendicular lines drawn from the former to find the 
radius of each velocity step. In this example they were 0, 10.8, 
11.5, 11.8, 12.1, 12.5, 12.9, 13.2, 13-6, 14.0 and 14.3. The 
area of each annulus was calculated from Equation 5.6:-
A = Tf(r^2 - r^2) Equation 5*6
The centre was 'Tf(10.82 - 02) and each was normalised with 
a maximum of 100$. Figure 68 (b) gives the theoretical spectrum . 
predicted from the flat profile in Figure 68 (a) with the 
estimated effects of turbulence and beam divergence on the spectrum 
adjacent to it (see Figure 68 [c]).
The analysis of frequency/intensity spectra obtained by Method I, 
Experiment 5.1 found that under conditions of laminar flow the 
spectra were flat in agreement with theory and 'waisted* in the 
case of turbulent spectra. In the latter case the high intensities 
of the lower frequencies were considered to be due to wall movement. 
Experiment 3.2 demonstrated that wall movement of Goretex could 
cause high Doppler shifted frequencies of approximately 2 KHz in 
the example shown in Figure 38. If the lower frequencies were 
ignored then the theoretical spectrum was obtained. The definition 
of turbulence being random motion with time it was shown in 
Experiment 5.1 that the intensities of turbulent spectra were 
much more variable with respect to time than laminar ones. The 
mean frequencies of the turbulent spectra were high and
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approached the maximum frequency (proportional to V max) again 
in agreement with theory. Thus from a single display the
character of steady flow could be discerned. Prom the character 
of t/^ -2 displays taken distal to the 2 mm stenosis the implication 
is that the flow was disturbed only and not truly turbulent.
This is borne out by the fact that the "turbulence” was not propa­
gated and laminar flow supervened distal to the stenosis.
The method whereby the intensities of ultrasound spectra of steady 
turbulent flow were shown to be more variable than those of steady 
laminar flow could not be readily applied to oscillatory flow 
owing to the fluctuation in the maximum frequency with time which 
takes place. Because of this the finding of a greater variation 
in the intensity of each frequency band in a single #2. display 
of turbulence compared with one of laminar flow appeared important. 
(The results of Experiment 5.2 however found this not to be the 
case).
Sigel et al reported that CW ultrasound could distinguish between 
laminar and turbulent flow from frequency/intensity spectra using 
a technique which involved insonation at 2 angles,0 =  90° and 
©' = 25°.139 They demonstrated an increase in low intensity, high 
frequency signals in the case of turbulence (which can be demon­
strated on Vasoscan or Sonagram <t£\ displays alone) but the spectra 
illustrated failed to show the high mean frequency characteristic 
of turbulence. The results of Experiment 5*1 suggest that their 
flow was only disturbed.
The finding of irregularities of the maximum frequency envelope 
(in Experiment 5*1) was expected although it was of interest that 
they were found on both sides of a stenosis as were vortices whose 
presence could be recognised from retrograde flow in the spectra.
Turbulence has been demonstrated above Reynolds numbers of 2130 and 
3770 in experiments on oscillatory flow in pipes and values higher 
than these were obtained in Experiments 5.2.1 and 5 .2.2. > 1^° > 1^ -^
Because in steady flow the ratio of the maximum to the mean velocity 
of flow ie V max : V can identify the presence of turbulence, the 
effect on the maximum velocity of oscillatory flow by altering its 
stability was investigated. Experiment 5.2.1 found V max to in­
crease with frequency and Experiment 5.2.2 found it to increase 
with V. No clear relationship with turbulence was found but it 
was of interest that in Experiment 5.2.2 when the underlying steady 
component of flow was below the critical Reynolds number X  was 
greater than one and when the steady component of flow was greater 
than the critical Reynolds number X was less than one. X is 
greater than one in the carotid arteries in vivo but most model 
experiments have a value of less than one. It was not evident 
whether the low values of X in Experiment 5.2.2 were merely due to 
the high value of V or whether a high value of X  ie a flow with 
large amplitude oscillations, is a stabilizing factor.
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Neither by an increase in frequency, V nor by an increase in the 
internal diameter of the vessel was any irregularity of the maximum 
frequency envelope of the Vasoscan displays seen. A spectral 
window was present which became more evident as frequency, V and 
oC increased in Experiments 5.2.2 to 5.2.4. Unfortunately in these 
experiments it was not possible to visualize turbulence using dye 
because of the high rates of flow involved. Although the velocity 
profile has ceased to be parabolic when ot is approximately 5 it is 
not until it is in the range of 7 to 14 that a completely flat 
velocity profile is attained.12*0 The relationship between turbu­
lence and c* is important but controversial. Hino et al (from flow 
studies in a pipe) reported that decreasingck will tend to stabilize 
the flow but Nerem and Seed (from experimental recordings of aortic 
blood velocities in humans and other animals) reported the opposite 
ie decreasing o< destabilizes flow.12^ >1^1
When considering values of oi in the common carotid artery a cor­
rection factor should be applied which would have the effect of 
raising oc. This is because systole is of much shorter duration 
than diastole in the eardio-vascular system. Measurements in the 
carotid arteries from sonagrams obtained from volunteers (in Experi­
ment 1.1) showred that the arterial systolic velocity wave occupied 
only 15$ to 20$ of the cardiac cycle. Allowing a similar reverse 
component as in a sine wave, would give a true period of 30$ to 
40$ of the original. Table 64 shows that the value ofcx in the 
common carotid artery is raised considerably if a correction factor 
is applied.
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Plow disturbances distal to stenoses have been demonstrated in 
models hence it was not unexpected that the introduction of a 
stenosis in our model caused a disturbance of flow visualized by 
dye and also clearly demonstrated using ultrasound with irregularity 
of the maximum frequency envelope, loss of the spectral window and 
retrograde flow caused by vortices both proximal and distal to the 
stenosis.!31,132,135,136,138
The secondary waves seen in Experiments 5.2.1 to 5.2.4 were con­
sidered to be have been caused by the elasticity of the tubing but 
the introduction of a stenosis affected the time phasing between 
them. D ’Luna et al using PW ultrasound found vortices distal to 
a stenosis which caused a reduction in luminal diameter of 50% 
however in Experiment 5*2.4 vortices were detected when there was 
a less severe stenosis.-^ -38
The Sonagraph £21 displays generally exhibited the same information 
as those of the Vasoscan although on occasion certain irregularities 
of the former display .were seen. The Sonagraph £21 displays were 
inferior in quality than those of the Vasoscan and these irregu­
larities were considered to be instrumental in origin.
In Experiments 5.2.1 to 5.2.4 and in the carotid arteries of normal 
patients where a clear' window was present the £22 displays had the 
'waisted' appearance indicative of a flat velocity profile as 
previously discussed and it was only in diastole in the carotid
arteries that the flat spectrum of parabolic laminar flow was seen. 
In the femoral and subclavian arteries the flat spectrum of a para­
bolic flow profile was seen at peak systole. Paradoxically at 
stenoses both in the model and in patients no characteristic £22 
spectra were seen. The problem of relating £22 spectra to the 
velocity profile rather than vice versa is complicated by the fact 
that flow has to be axisymmetric. Flow is not axisymmetric at the 
bifurcation of the common carotid artery where the velocity is 
higher on the medial side of the internal carotid artery, nor is 
it when there is curvature of the artery. -*-37 ,138
These findings ie where a clear window and ’waisted' £22 spectra 
are present suggest that a flat velocity profile in systole is the 
norm with minimal boundary layer effects possibly due to the 
momentum of the flow wave ie there is not enough time for a fully 
developed parabolic profile. They also suggest that contrary to 
the case of steady flow, in oscillatory flow a flat velocity profile 
occurs in systole in the common carotid artery regardless of the 
presence of laminar or turbulent flow. Both parabolic and flat 
velocity profiles, determined using PW instruments, have been re­
ported in systole in the common carotid artery. 127 ,142
CW ultrasound can identify that variety of flow disturbance that 
occurs distal to a stenosis. The shedding of vortices causes large 
velocity fluctuations but the flow is soon stable downstream and 
the flow disturbance is not self perpetuating. CW ultrasound
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however failed to identify turbulence in Experiments 5.2.1 to 5.2.4 
and this may be because the velocity fluctuations that occur in 
the degreesof turbulence described by Hino et al were not large 
enough and the averaging that takes place in the processing of the 
signals eliminates them.11*1 This might also be the case for the 
spectra; the fluctuations that occur in the velocity profile 
of a turbulent flow being too small to be manifested in the fre­
quency/intensity pattern of the £&■ spectra.
Other disturbances of flow not investigated in this Chapter but 
which would probably go undetected using CW ultrasound include a 
disturbance at an irregular area of the arterial wall and also a 
disturbance of the central core of the flow with flow undisturbed 
at the arterial wall.11? Such disturbances are unlikely to be 
detected because signals from the rest of the lumen mask those 
from the disturbances.
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GENERAL DISCUSSION
A thorough knowledge of an instrument in terms of what it can and 
cannot do is essential for any operator. Furthermore the accuracy 
and reliability of its performance in relation to its manufacturers 
claims needs to be investigated hence the experiments described in 
Chapter 2 were necessary.
In attempting to detect disease at the carotid bifurcation using 
CW ultrasound it has been shown in Chapter 1 that waveform analysis 
is only successful in the identification of those stenoses causing 
a reduction in the lumen of an artery by 50% or more. The result 
was approximately the same whether the maximum systolic frequency, 
the degree of spectral broadening or ultrasonic imaging (a com­
bination of the first 2 variables) was used. The poor performance 
of the resistance parameter is likely to have been due to in­
accuracies in the way the instrument measures it.
Neither by eliminating the problem whereby the angle of insonation 
is unknown and using velocity measurements (described in Chapter 3) 
nor by calculating an index derived from frequency measurements 
both proximal and distal to a stenosis (described in Chapter 4) 
was this result altered.
This implies that mild degrees of carotid stenosis do not affect 
the maximum velocity or the degree of spectral broadening signifi­
cantly (even though the patient may be symptomatic) and any simple
2 84
index based on the maximum frequency envelope is unlikely to be 
useful despite the claims of certain authors.71>77,80 This may 
not apply to the more complicated method of principal component 
analysis although there is no indication as yet that its use is 
going to be any more successful.
Atherosclerosis does not always cause a stenosis eg an ulcerated 
pit, however, the presence of this or a mild degree of stenosis 
might be detected by a disturbance of flow.
It was shown in Chapter 5 that CW ultrasound could distinguish 
between laminar and turbulent steady flow, however, flow in the 
carotid arteries is not steady during systole.
It is widely accepted that an increase in spectral broadening at 
peak systole indicates turbulence within the artery. However turbu­
lence does not vary in increments in distinction to the degree of 
spectral broadening which may vary from 0/S to 100# (or more). 
Experiments (5.2.1 to 5.2.3) found that CW ultrasound failed to 
detect turbulence in a tube but readily detected the disturbance 
of flow that occurred when a stenosis was introduced. It is likely 
that at least 2 varieties of disturbances of oscillatory flow 
occurred in these experiments (there may have been more),
(i) that caused by a stenosis (with high Reynolds numbers over 
a short distance only) and
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(ii) that caused by high Reynolds numbers and high values of oC
in the whole flow channel (giving rise to a self perpetuating
turbulent flow similar to that seen in steady flow under
appropriate conditions).
CW can detect the first which is unlikely to be true turbulence 
(merely a disturbance) but not the second. With regard to the 
normal carotid artery the occurrence of the second variety of flow 
disturbance (true turbulence) cannot be excluded because it cannot 
be detected using CW ultrasound and also high Reynolds numbers and
high values of may be attained depending on the way in which the
calculations are performed (see Table 64).
Another paradox in the consideration of spectral broadening is that 
it was shown in Experiment 5.3 that a flat velocity profile occurs 
in the normal carotid artery at peak systole (when the degree of 
spectral broadening is less than 50$). A flat velocity profile 
occurs in turbulent steady flow. When the degree of spectral 
broadening increases eg distal to a stenosis, a velocity profile 
which has a more parabolic configuration would be predicted from 
theory.
An interesting further experiment would be the effect of a compliant 
tube, as opposed to an inelastic one, on the stability of oscillatory 
flow. Attinger et al have looked at oscillatory flow in distensible 
tubes and reported that turbulence occurs in these tubes at higher
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Reynolds numbers than in comparable rigid tubes.
With regard to PW instruments it would be useful to repeat the 
experiments in Chapter 5 using a Duplex scanner with the con­
struction of the velocity profile across the lumen of the vessel 
and to investigate the effect on the velocity profile caused by 
atherosclerotic plaques associated with only a slight narrowing 
of the carotid artery. The velocity profile has been studied by 
others both in models and in vivo but its value has not been fully 
appraised.83,92,129
The continued development of Doppler ultrasound (both CW and PW 
instruments) seems likely to lead to further advances in our under­
standing of the physiology of the circulation and the detection 
of carotid artery disease.
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APPENDIX 1 The Scale of the Flow Map Display
The scale of the flow map displayed on the screen was determined 
by "insonating" the intersections on a grid of one cm ruled 
squares using the 4 MHz probe held in a transverse position in 
the spatial sensing arm. When the probe was positioned over an 
intersection extraneous noise was produced causing a dot to 
appear on the screen. A map of dots was produced (see Figure 69) 
and the distance between them was measured to be 0.8 cm. This 
gave a scale for the displayed flow map of 1.25 : 1. It was 
only at the edges of the screen that this relationship was lost.
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FIGURE 69
The scale of the displays
The scale of the large scale print out [(a) and (b)] was
1.67 : 1 and the scale'of the smaller scale print out (c) was
1.33 : 1. This scale was lost at the edges of the screen. In (a)
the figures are the distances between the dots in mm.
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APPENDIX 2 A Decision Matrix
The method of assessing the accuracy of each variable in 
Experiment 1.2 was by using decision matrices.
A standard decision matrix is shown in Figure 70. A threshold 
value is set for the test and a test value greater than or 
equal to the threshold represents a positive result. The numbers 
of.positive and negative results are compared with the true 
presence of#disease as determined by either arteriograms or 
surgery. The sensitivity of the test expresses the number of 
true positive results and the specificity the number of true 
negative results.
A good diagnostic test will have a high rate of true positive 
results (sensitivity), a low rate of false positive results; a 
high rate of true negative results (specificity) and a low rate 
of false negative results.
Increasing the threshold value increases the specificity of the 
test but decreases the sensitivity.
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DECISION MATRIX
TEST
Abnormal Normal 
+
PRESENCE 
OF DISEASE
Present
+ a b Sensitivity = a a + b
d
Absent c d Specificity = c + d
A decision matrix
FIGURE 70
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APPENDIX 3 The Selection of the Ultrasonic Scatterer in the 
Medium
The ideal ultrasound reflector should be small, evenly dis­
tributed in the medium, scatter ultrasound well, stable in the 
medium, not alter its physical properties and store well. 
Commercially available Sephadex particles (Dow Corning) are 
available of size 0.5yum but are expensive. Several reflectors 
were used in the experiments in this thesis and problems en­
countered in their usage were:-
(i) Air bubbles were used in Experiment 3.1.2 but there were 
difficulties in getting a steady injection rate and even 
at the lowest setting of the constant infusion pump 
(0.5 nil /min) the bubbles were still too large.
(ii) Milk was used in several of the experiments and scattered 
ultrasound well. Furthermore it was inexpensive, readily 
available, mixed thoroughly in water and did not alter 
its viscosity. Its major drawback was it quickly 
deteriorated and added to the offensive smells in the 
Laboratory! It also left a coating on the surface of 
the chambers and tubing with which it came into contact 
and this irregular 'fur1 was a source of flow disturbance. 
Regular cleansing of the apparatus with warm water and
a biological detergent was necessary to remove this 
lining.
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(iii)
(iv)
Red blood cells fixed with glutaraldehyde were tried.
They were prepared as follows
(i) 330 ml of packed red cells (time expired for
patient transfusion) were obtained from the hospital 
blood bank mixed with an equal quantity of 0.9$ 
saline and 1.1 ml. of glutaraldehyde and allowed
to stand for 5 minutes.
(ii) To obtain a concentrated solution the fixed red 
cells were washed with 0.9$ saline and centrifuged 
at 2,000 rpm for 12 minutes at 4° c. The washing
and spinning was repeated 4 times and the resultant
solution stored at 10° C.
In the model the red cells were injected proximal to 
the test section and were used successfully on some 
occasions but unfortunately at the low rates of flow 
necessary to create laminar conditions the stream of 
red cells drifted slowly to the bottom of the tube and 
at the high rates of turbulent flow the dispersal of 
the red cells in the medium was too great to give an 
adequate backscattered signal.
An emulsion of Silicone in water eventually proved to 
be the reflector of choice. The Silicone was immiscible 
in water and required frequent stirring to ensure disper­
sal. Its particle size varied, some of the particles
were large enough to be visible to the naked eye. The
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concentration used was not high enough to alter the 
viscosity of the medium (see Table 55).
307
APPENDIX 4 A Problem in Flow Characterization Using Dye
An independent technique was necessary to demonstrate the presence 
of laminar or turbulent flow in the model and this was done by 
injecting dye 2 m proximal to the test section using a constant 
infusion pump. Dispersion of the dye in the medium indicated 
turbulence. It was noticed that the character of the lines of 
dye in the vessel depended not only on the conditions of flow 
in the vessel but also on the rate of injection of the dye.
This problem was studied because at high rates of flow in the 
model high rates of injection of dye were necessary to enable 
its visualisation.
Method
Water was circulated through the model (see Figure 45) under steady 
conditions of flow and the Reynolds number was steadily increased 
from 64 to 3449. Dye was injected proximal to the test section 
and for each value of Reynolds number the rate of injection was 
varied from 0.5 ml/min to 1.0, 1.5, 2.0, 3.75 and 5.0 ml/min. 
the character of the dye in the vessel was visually inspected 
allowing recognition of laminar flow (perfect streamlining of 
the dye lines), mild disturbances of flow (the lines of dye 
showed very slight wavering), severe disturbances (the lines of 
dye widened from the centre stream flow to the periphery and 
showed marked wavering) and turbulence (irregular mixing of the 
dye across the lumen). At very high rates of flow the dye was 
invisible.
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Result
Table 65 and Figure 71 give the character of the dye lines at 
different rates of flow and injection of dye. Increasing the 
rate of injection of the dye decreased the value of Reynolds 
number at which disturbances and turbulence were seen in the 
test section. It was only at the lowest rate of injection ie 
0.5 ml/min that the dye was perfectly streamline up to a 
Reynolds number of 1030.
Discussion
The model contains 2 flow systems, the circuit of tubing and 
the dye apparatus, and each has its own conditions for the onset 
of turbulence which together interact. The flow in the test 
section could be rendered unstable by merely injecting dye to 
demonstrate its character and therefore caution is necessary in 
interpreting the results of experiments both in models and in 
vivo which involve the injection of dye. In the experiments in 
Chapter 5 an injection rate of 0.5 ml/min only was used.
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TABLE 65 The Character of the Flow in the Model at Different 
Rates of Injection of Dye
Rate of Injection of Dye (ml/min)
Reynolds
Number 0.5 1.0 1.5 2.0 3.75 5.
64 PS PS PS ■ MD VT VT
128 PS PS PS MD VT VT
644 PS PS PS MD VT VT
773 PS PS PS MD VT VT
1030 PS MD MD SD SD SD
1288 MD MD MD SD SD SD
1391 MD MD MD SD SD SD
1481 SD SD SD SD SD SD
1546 SD SD SD SD SD SD
1932 NV SD SD SD SD SD
2125 NV NV NV VT VT VT
2318 NV NV NV NV NV NV
3449 NV NV NV NV NV NV
PS - perfect streamlines 
MD - mild disturbances 
SD - severe disturbances 
VT - visibly turbulent 
NV - dye not visible
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FIGURE 71
Disturbances of flow and the rate of injection of dye
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APPENDIX 5 Finding a Critical Reynolds Number in the Model 
Method
The rate of flow in the model was increased from 50 ml/min to 
2350 ml/min using the roller pump and the constant pressure 
head to deliver volumes of flow up to 200 ml/min and the gas
bomb for higher volumes of flow.
AF max was measured in the test section and V was calculated 
from the volume flow. The experiment was repeated twice :
the first time using red cells to scatter the ultrasound using
an angle of insonation of 60°, the second using milk and an 
angle of insonation of 45°. Flow was steady at all times.
The correlation coefficient of values (a F max, V) was 
calculated in each experiment both for conditions of flow con­
sidered to be laminar and turbulent.
Results
Table 66 and 67 give the values of V, Re anda F max for each 
experiment and Figures 72 and 73 values of Re plotted against 
AF max. Table 68 gives the correlation coefficients. A change 
in the relationship between Re and AF max was seen to occur in 
the first experiment between Reynolds numbers of 1050 and 
1700 (Figure 72) and in the second between Reynolds numbers of 
1050 and 2500 however the higher value of Re in the second 
experiment was probably an overestimate (see Figure 73).
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TABLE 66 Finding the Critical Reynolds Number 
Experiment (i)
V (cm/sec) Re max (KHz)
2.4 155 0.4
6.02 388 0.8
6.0 388 1.0
7.6 492 1.0
10.1 653 1.4
16.1 1034 2.1
21.1 1358 2.3
25.9 1668 2.3
40.2 2589 3.4
42.6 2744 3.5
50.2 3233 4.1
57.2 3684 4.2
57.2 3684 4.6
60.2 3684 4.4
68.2 3878 4.6
68.3 4399 5.2
68.3 4399 5.4
80.3 5172 5.8
80.3 5172 6.2
88.4 5692 6.4
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TABLE 67 Finding the Critical Reynolds Number 
Experiment (ii)
V (cm/sec) Re ^F max (KHz)
2.4 142 0.5
2.8 165 0.5
4.6 272 1.0
5.5 325 1.0
6.0 355 1.1
6.8 402 1.1
7.6 449 1.4
8.4 496 I*4
9.6 567 1.6
10 591 1.7
10 591 1.8
12 709 2.0
13.6 804 2.5
14.8 875 2.5
15.6 922 2.5
16 945 2.7
17.5 1034 2.8
20 1182 3.2
22 1300 3.2
23 1359 3.4
24 1418 2.8
42 2482 4.0
45 2659 6.0
45 2659 5.7
51 3014 6.0
53 3132 6.7
60 3545 7.6
69 4077 8.7
72 4255 7.8
72 4255 8.2
81 4786 9.2
117 6914 9.8
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Discussion
The rate of change of V compared with aF max under laminar 
conditions of steady flow should in theory be half that of 
turbulent steady flow due to the change in the nature of the 
velocity profile that takes place. The ratio of the gradients 
LAM : TURB was approximately 0.5 in both experiments (see Table 
68). The transition period occurred between Reynolds numbers 
of 1050 and 1700 with a critical Reynolds number of approximately 
1700.
